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PREFACE TO THE THIRD EDITION 


The book has been thoroughly revised. Many portions have 
been re-written. About 75 pages of new material and 50 new dia- 
grams have been added and many old diagrams have been improved. 
An attempt has been made to make the book up-to-date. New 
topics like thermistors, thermostats. Zero th law of thermody- 
namics. experimental verification of Maxwell’s law of distribution of 
velocities, calorific value of food, regulation of body temperature, 
microcalorimetry, Nemst’s calorimeter, law of conservation of energy, 
atomicity of gases, Partington’s method for finding the ratio bet- 
ween the two specific heats of a gas, Hampson’s method for liquid 
air, Maxwell’s thermodynamic relations, determination of thermal 
conductivity by cylindrical tube method, Pirani gauge, production 
of high temperatures, electric furnaces, formation of clouds and arti- 
ficial rain-making have been added. Laboratory methods for various 
determinations have been included. It is hoped that the book will 
now prove still more helpful to the students. Any suggestions for 
improvement will be thankfully received. 

I am obliged to Shri Ram Lai Pury for correcting the proofs and 
for seeing the book through the press and for the great interest shown 
by him. 


University of Delhi 
1st December, 1954 


HARNAM SINGH 


PREFACE TO THE FIRST EDITION 

Some apology is needed for placing a new-book on Heat in the 
market. The books already available to students do not meet their 
needs fully. Some contain too much of elementary stuff while others 
are too advanced. Moreover, students have to consult more than 
one book. An attempt has been made to present all that the 
students need in a very lucid form. Difficult portions like the Second 
Law of Thermodynamics, Reversible Processes, Radiation etc., have 
been treated very exhaustively. Numerical problems (mostly taken 
from university papers) have been solved and additional problems 
supplied for exercise. Questions are provided at the end of each 
chapter to enable the student to test his knowledge. 

It is, however, for others to judge how far the author has 
succeeded in making the book useful. Suggestions for improvement 
will be thankfully received. 

G. N. Khalsa College, 

Gujravwala HARNAM SINGH 

October, 1945 
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PRINCIPLES OF HEAT 

CHAPTER I 

* . thermometry 

- ■ Experiment is the sole source of truth. But to observe is 
not enough . . The scientist must set in order. Science is 
built up with facts as a house is with stones. But a collec- 
tion of facts is no more a science than a heap ol stones is a 
house — Poincare. 

Historical. Heat and cold were recognized by Democritus as 
playing a vital part in the dynamic world of Nature, but he made no 
attempt to find how much heat and cold were present m any given 
situation. Galileo (1592) using an air-thermoscope was the first to 
give a method of roughly measuring temperatures independently of the 
sensation of touch, but he does not seem to have appreciated his dis- 
covery. To measure temperatures, a reproducible and accurate scale was 
necessary but no such standard was adopted during the 17th century. 
Thus Sagredo (1(515) divided the interval between the greatest heat of 
summer and the extreme cold of winter into 360 parts. In 1632, Rey 
used a flask with a very narrow and long neck and holding water upto 
the neck. Rise of temperature was indicated by a rise in the water- 
level in the neck. This was the first liquid thermometer. In 1654 the 
tube was sealed off at the top and the effect of changing atmospheric 

pressure was eliminated. ^ 

' In 1665 Boyle and Hooke suggested one fixed point— the melting 

point of ice— as the starting point. Shortly afterwards Fabn and 
Newton suggested two fixed points, ‘the interval between the two to 
be divided in some manner to be agreed upon’. This suggestion was 
embodied in the Centigrade, Fahrenheit and the Reaumer scales which 
were developed during the 18th century. Both Fahrenheit and 
Reaumer were influenced by the earlier work (1701) of Amontons, to 
whom is also due the idea of an absolute scale of temperature. He 
was working with a gas thermometer and suggested that by extrapo- 
lation downwards below the lower fixed point one would reach a tem- 
perature, where “air would exert no pressure and will have no elas- 
ticity because its parts would be contiguous and cease to move.” He 
suggested that this might be called the Absolute Zero of Heat-Con- 
tent. Though his contemporaries merely laughed at this suggestion, 
it was amply confirmed by the work of Kelvin and Claussius during 

the 19th century. 

:■ 1.1. Heat and Temperature. If a finger be dipped at short in- 

tervals in a cup of water placed over a lighted burner, the water feels 
warmer and wanner to the the touch till it becomes too hot for the 
finger. We say that heat is passing from the burner into the cup and 
is. changing the physical condition of the water contained in it and is 
jnaking the water feel hotter and hotter to the touch. 
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Heat then is something which produces in us the sensation of 
warmth, while the degree of hotness of a body measured according to 
some agreed scale is called its temperature. Heat then is the cause of 
a change of temperature. 

The direction of flow of heat, when two unequally heated bodies 
are placed in contact, is determined not by the amount of heat pre- 
sent in either body but by the difference in their temperatures. Heat 
always flows from a body at a higher temperature to the body at the 
lower temperature irrespective of the amount of heat present in either 
body, just as liquids always flow from a higher to a lower level irres- 
pective of the amount of liquid present at either level. In this respect 
temperature can he called level of heat, and heat may be defined as 
energy which flows in response to a temperature-difference. 

1.2. Mercury Thermometer. In a systematic study of the pro- 
perties of Heat, an accurate measurement of temperatures is of the 
utmost importance and is generally the first thing that attracts the 
attention of the experimenter. An instrument for measuring tempera- 
tures is called a thermometer. 


Propei ties of matter that vary ntinuously with healing are select- 
ed for measuring temperatures, taking care that the physical property 
selected has not the same value at two or more different temperatures 
and remains constant it the temperature does not change. The varia- 
tion of the physical property which is used as the temperature- 
measurer should be sufficiently large to enable small temperature- 
changes to be indicated and measured. Expansion, change of resistance, 
change of vapour pressure., thermo-electric effect etc., have been used 
for measurements of temperature. The various thermometers that are 
in use differ in the thermo-metric substance employed, the thermometric 
property utilized or in the function selected to represent the relation 

between the property and the temperature. The ideal thermometric 

scale would be one which made use of a property so selected that the 
scale would not depend on the thcrmometric substance. Such a scale 
would serve throughout tnc entire temperature-range, since no limita- 
rions due to failure or break-down of any substance would be made. 
The mercury-in-glass thermometer which uses the increase in the 
volume oi mercury with heating, is the handiest instrument for such 
purposes and is a good temperature-measurer, unless extreme accuracy 
is the aim. Glass is selected as the envelop because it is transparent 
and easily reveals the level of the contained liquid, while mercury is 
selected because it is opaque, does not- wet glass, has a low thermal 
capacity and its expansion in glass is fairly uniform. 

Galileo constructed the first thermometer, though it was Amon- 
tons who lirsl used mercury. 

The thermometer consists essentially of a long glass stem having a 
uniform capd^ar y bore and with a thin cylindrical bulb fused to it at one 
end I lu bull. 1 is kept thm so that heat may flow quickly into or out 
of the mercury inside it. The bulb and the stem are filled wbh pure 
incrcun and heated to a L mperature a few degrees above the highest 
temporal me that is desired to be measured with that thermometer. 
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Some of the contained mercury expands and overflows. The top of 

■ the stem is then hermetically sealed off. Two fixed points— one nea 
the top of the stem, called the upper fixed 

point and the other near the bottom called m € F 

the lower fixed point- are marked on the ^ 

stem. The upper fixed point corresponds to f,xeo pc/nt 2,2 

the temperature at which pure water boils 
under a pressure of one atmosphere while the 
' lower fixed point corresponds to the melting 
point of pure ice. These two fixed points have 
the convenience that they can be easily re- 
- produced. The interval between the fixed 
i points is divided into a number of equal parts i ! 

called degrees. There are 100 degrees on the 
Centigrade scale, the lower point being 0 and 
r. the upper 100, while there are 180 degrees on 
the Fahrenheit scale, the lower point being 32 
• and the upper 212. Zero on Fahrenheit Scale 
indicates the lowest temperature then attain- 
able by mixing salt and ice. 

To convert from one scale of tempera- 
, ture to the other, we use the relation. 

C F— 32 
100= 180 

where C is the temperature on the centigrade 

scale and F the corresponding temperature on - o J2 

the Fahrenheit scale. 


LOWER 
fixed po/fjr 


1 . 3 . To get an accurate value of tem- 
perature, various corrections have to be ap- 
plied to the readings of a mercury thermo- 
meter. The more important sources of error 


Fig. 1.1. 

Mercury Thermometer. 


are ’ 

(If Due to the non-uniformity of the bore of the capillary. It can 
be corrected by introducing a short length of mercury into the capil- 
lary. The thread of mercury is moved into various positions all along 
the tube and its length measured in each case. If these lengths are 
different, the bore is not uniform. From the measured lengths a cor- 
rection can be found for all points of the capillary. 

(21 Due to the exposed stem — the mercury in the stem is always at 
. a temperature different from that in the bulb. Let the reading of the 
thermometer when n° of thread are exposed be / and let the average 
..temperature of the exposed part be 9 and let a be the apparent exp an- 
sion of mercury in glass. If the n° were warmed from 9 to t they 
would expand by n.a. (t-9) and therefore the corrected temperature is 


(31 Shift of the zero point of the thermometer — when heated the 
bulb softens and the weight of mercury' elongates the bulb and the 
* zero point moves down. This has been reduced by the use of a spe- 

a cial glass. 
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1.4. Merits and Demerits of a Mercury Thermometer. The 

mercury thermometer possesses the following advantages : 

( 1 ) It is small in size and is therefore portable. 

(2) It is very easy ' to use. 

(3) It is direct-reading. The position of the meniscus of mercury 
gives the temperature directly. 

The mercury' thermometer is, however, not capable of great accu- 
racy, because : 

(1) The expansion of glass is irregular and as the co-efficient of 
expansion of mercury is not very different from that of glass, an error 
is introduced in the result, because graduations are made on the stem 
on the assumption that mercury expands uniformly in the glass, when 
heated. 

(2) The expansion of mercury in glass is very small hence the 
instrument cannot detect small changes of temperature. 

(3) When heated to a high temperature, the glass bulb softens 
and the weight of the mercury in it tends to elongate it. This pro- 
duces a shift of zero and makes all graduations incorrect. 

(!) No two properly constructed mercury thermometers will ever 
agree in their readings because the properties of glass are changed in 
the act of blowing the bulbs and therefore no two bulbs will expand 
or contract alike. 

(5) The mercury thermometer has a very limited range, — 30°C to 
250X : hence it can only be used for measuring temperatures that are 
neither too low nor too high. To read higher temperatures a gas, 
usually hydrogen or nitrogen, is tilled above the mercury in the stem. 
This elevates the boiling point of the liquid and thus prevents the 
distilling of the liquid to the upper parts of the stem which are cooler. 
Using a quartz bulb the scale can be extended upto 600°C but a new 
graduation will have to be put on the thermometer because the den- 
sity of the contained gas will change as the temperature rises. 

1,5. In order to obtain accurate results with a mercury thermo- 
meter it is necessarv. 

(1) That a sufficient length of it must be immersed in the bath 
whose temperature it is to measure. 

(2) To allow it sufficient time to take up the temperature of the 

bath. 

(0) To prevent a shift of zero which is liable to be produced when 
the bulb is over-heated or over-cooled. 

(1) That the capillary tube i.e., the stem must have a uniform 

bore. 


(o) That the thermometer must be used in the same position in 
which it was calibrated. «• it it was calibrated in the vertical position 
it must always be held vertically while reading temperatures. 

1.6. Open-air Temperature. The measurement of open-air 

temperatures is mi.ucnctd by the colour and surface of the thermo- 
meter. A freely suspended thermometer attains equilibrium with its 
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entire surroundings including the radiation which 
temperaturS^be'shfeWed »/ «> “ 

jsssr arcsa^iTtxsSss 

points of liquids. The stem is marked from 0 to o C. a £ ors 

Fsifurther sub-divided into 100 equal parts^ In ord« to d^ ^ 

due to irregular motion of mercury m a \c y htilb ire 

majHbe ^'ab.e o, furnishing 

qUICk A C rief™ta provided at the top of the 
separated from the main column by gently tapp mg ; “ j t , 

placed in a bath along with another mercury thermometer ana ine 
temperature of the bath is gradually altered so that 1 . Q ^ e f er is 
the former is zero ; temperature on the other mercuiy 
also read— this temperature corresponds to the zero 
on the Beckmann thermometer. The amount ot 
mercury in its bulb is again altered as before, till its 
zero reading is close to the desired range. 

To measure temperatures below zero, mercury is 
added to the stem. For this purpose the bulb is 
warmed so that the mercury expands just upto the 
entrance to the reservoir. The thermometer is then 
inverted to connec c the mercury in the reservoir with 
that in the stem and when the bulb is allowed to 
cool, some extra mercury is drawn into the stem. 

Any excess can be disconnected in the usual way by 
gentle tapping when the thermometer is placed in the 

up-right position. 

Thus if the mercury is at the top of the stem 
(i e at 5°C) when a subsidiary thermometer reads 
zero, temperature will be -5°C when the mercury in 
the Beckmann thermometer stand at zero. If more 
mercury is now added to fill the stem so that the 
mercury is again filling the stem upto the top, a 
further range of — 5° to — 10°C. can be obtained. 

The accuracy of this instrument, however, 
changes with the amount of mercury present in its 
bulb As the amount of the latter is changed to 
obtain various ranges of temperature, corrections 
must be applied to its readings. For this purpose correction curves 
are supplied with these instruments. Another correction has to be 



hi 


Fig. 1.2. 

Beckmann 

Thermometer. 
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applied for the emergent column, i.e., for the fact that the mercury 
in the stem is not as hot as that in the bulb. 


1.8. Maximum and Minimum Thermometers. It is sometimes 
desired to know the highest or the lowest temperature reached during 
a certain interval. Special thermometers are used for these purposes. 
In the maximum thermometer 


the expansive force of the 
mercury forces it across a 
constriction in the stem dur- 
ing a rise of temperature. 
When, however, the tempe- 
rature, falls the column breaks 
at the constriction because the 
weight of the ''mercury above 
it is too insignificant to force 
the mercury down. In an- 
other type (Fig. Hi), when the 



Fig. 1.3. 

Max. and Min. Thermometer. 


V I — ‘O’ / * 

the mercury expands it pushes the steel index forwards, but when dur- 
ing a fall of temperature the’mcniscus recedes, it leaves the index behind. 
The minimum thermometer (Fig. ii) uses alcohol. During a rise of 
temperature the alcohol expands past a steel index lying in the stem. 
When, however, the temperature falls, on account of the concave shape 
of its meniscus, the surface tension ot the contracting alcohol drags the 
index backwards. In either case the end of the index nearest the 
meniscus gives the required maximum or minimum temperature. 


1.9. Gas Thermometers. A gas thermometer is preferrable ter 
a mercury thermometer as the expansion of gases is much larger 
and more uni hum. The constant -pressure type instrument is not 
very accm .tr, because the gas which expands into the graduated 
tube on heating the bulb is not as hot as the gas in the bulb. To 
avoid this, i all a. Irr devised a compensated air thermometer. The ther- 
mometei tube T i connected directly with the graduated mercury 



Fig. 1.4. 

CallcndtT’s Air Thermometer. 


tube ill and indirectly through 
a sulphuric acid pressure gauge 
G with the bulb S which is filled 
with dry air and is constantly 
surrounded with melting ice. 
The pressure in S is therefore 
constant mid independent of 
the atmospheric pressure. T is 
placed in melting ice and the 
level of mercury in M is adjust- 
ed till the gauge shows that the 
pressures in S and T are equal, 
lo determine the temperature 
0 ol a bath, T is placed in it 
and the level of mercury in M 
(which is also surrounded with 
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ice) is adjusted so that T and S are again at the same pressure. Then 

6=d °S^M 

rrr™. .±& ** 

of^ir^in^the^ube^conn^thi^T^and^d/^eliminated^y 'placing beside 
it a tube of the same size but joined to b. 

cause ^j'th^apparat us and Hie cak^aUcms arc^s impler (.7) the pressure 

“isdb. -s 

temperatures. Hence in actual practice constant-volume typ g 
thermometers are always used. 

UO. July's Air Thermometer. U consists of a glass globe A 

continued in a capillary tube bent 
Twice at right angles. The lower end 
of the capillary is connected to a tube 
R, full of mercury, by means of a rub- 
ber tube. The apparatus is suitably 
mounted on a stand. A is filled with 
dry air. It is then surrounded with 
pure melting ice. The air in A con- 
' tracts. The level of mercury in X is 
adjusted by changing the position of K 
on the vertical stand so that the mer- 
cury stands upto a mark X in the capil- 
lary and the difference h, in the level 
of mercury in the two limbs is noted. 

Adding it to the barometric height we 
get the pressure P 0 exerted by the air 
at 0°C. (If the mercury in R stands 
lower than in X, the height h must be 
subtracted from the barometric pressure.) 

the pressure P z a t x found. 

Now P, = P 0 (l+yO 

Pt-Po 

or y ~ 






Fig. 1.5. 

Jolly’s air Thermometer. 


(0 


7V 


Also 


or 


P. =-• P„(l+y-*) 
P*-P* 

X = 


P„. 


o y 
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Substituting the value of y from (t), 

P Z -P 0 


. vr 


x= 


.t. 


Pt-P 0 

It will be observed that the air in A has throughout the same 
volume i.e., upto X, i.e., it is being heated at constant volume. As the 
volume of air in the capillary is very small as compared with the vol- 
lume of air in A , the error due to the fact that this air is not at the 
same temperature as that in A, is negligible. An error is introduced due 
to the fact that the volume of the bulb changes when it is heated or 
cooled, but a correction can be applied for this by filling it one- 
seventh with mercury. The expansion of mercury is then equal to 
that of the bulb A at all temperatures and the volume occupied by air 
in A remains constant throughout. The instrument has the following 
defects: — , -t 


To calculate the pressure exerted by the air in A the difference of 
levels of the mercury in the two limbs has to be added to or subtracted 
from the atmospheric pressure, but. • ‘ 

(t) the barometer may be at a vertical height different from the 
gas thermometer and will not therefore give the pressure at the level 



Fiir. 1.6. 

i lydrogen Thermonu t, r. 


of the thermometer. 

(«) the atmospheric pressure 
might change appreciably while 
readings on the gas thermometer 
are being taken. 

Hence, this gas thermometer 
cannot claim a high accuracy. 

In a better form of a gas ther* 
mometer, a barometer is incorpo- 
rated in the thermometer itself. 

1.11. C. V. Hydrogen Ther- 
mometer. It consists essentially 
of a cylindrical bulb T of about a 
litre capacity made of an alloy of 
Platinum and Rhodium (which 
can withstand high temperatures) 
tilled with hydrogen 1 . At high tem- 
peratures hydrogen begins to flow 
across the walls of the bulb. It 
is therefore replaced by nitrogen, 
when high temperature measure- 
ments are to be made. T is joined 
to a glass tube T x with a narrow 
capillary tube and by adjusting 
the level of the mercury reservoir 
P- the mercury in T x is always 
made to touch the ivory tip P x . 


1 A glass bulb i 
upto 100CTC, cju t. 

num-Rho(Uim> 


i. ' v us'd upb. o« i (_'. glazed porcelain may bo used 
m*.s ■'••• used upto loOO O. Beyond that wo use Plati- 


THERMOMETRY 


0 


This ensures that the volume of the gas in T always remains constant 
and all the gas remains practically in the bulb T throughout (the \ olume 
of the capillary tube and of the space above 7 x is less than 1 c.c.) 

To use the instrument, T is surrounded with ice and the level 
of R is adjusted till the mercury in T x just touches P v To determine 
the corresponding pressure due to the gas in 7 directly, a barometer 
B is incorporated in the instrument itself. The tube 7 2 is joined to 7 j 
with a steel cross-piece S and the barometer tube is bent so that B is 
vertically above T v To measure the pressure, B is raised or lowered 
by means of a vernier- screw till the top of mercury in it just touches 
the ivory tip P 2 ; the vertical distance P x P t . which can be read off the 
scale, is the pressure I J 0 =p+h, due to the enclosed gas, at 0 C. The 
bulb T is next surrounded with steam as / C, the corresponding 
pressure, Pt, is similarly determined. 

Next, the pressure P z , corresponding temperature x is similarly 


determined. Then 


x — P LZL P °- t 

Pt-Po ' 


Some corections have to be applied ; because (») the gas in the dead 
space above 7\ is not raised to the temperature of the bulb, (u) there 
is a slight increase in the volume of the bulb when it is heated. 

This thermometer possesses several advantages. 

(1) It has a wide range and can be used from the liquefaction 
point of the gas used, upto about 1500°C. 

(2) It is very sensitive because the expansion of gases is 
considerable. Even if the expansion of the material of the bulb be 
not quite regular, it will not produce any appreciable error, because 
the expansion of solids is very much smaller. 

(3) Unlike mercury thermometers, two properly-constructed gas 
thermometers will always agree in their readings, because (i) it is so 
easy to obtain pure gases and (ii) because the irregularities in the 
expansion of the bulb have no appreciable effects. This is a consider- 
able and a decided advantage. 

(4) Its readings agree closely with the Thermodynamic Scale which 
is the ultimate standard of reference and which depends upon the 
properties of no one substance in particular. 

The thermometer is, however, unwieldy and on account of the 
huge size of its bulb it cannot be used for measuring temperatures 
directly. It serves as a standard of reference for testing the accuracy of 
the more convenient and compact thermometers. 


1.12. Platinum Resistance Thermometer. It is due to Siemens 
and is based on the fact that the resistance of a piece of pure platinum 
wire increases continuously as its temperature is raised. 1 latinum is 
an especially suitable material for resistance the rmometry because ol 

~ l Copper resistance - thermometers are suitable for measurement of 
temperatures upto about 100%’. For copper, the resistance-temperature 
curve is linear, P but the low resistance of copper is asenous disadvan- 
tage. Nickel is a cheap substitute for platinum upto 300 U 
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it's stability and because the resistance-temperature relationship is so 
simple. Callender has shown that for wires of pure platinum, the 
resistance at any temperature t is given by the formula 

Rt = R 0 ( 1 -f- a/-j- fit 2 ) (*) ■ ■ . 

where t ° = temperature as the gas scale, 7? 0 resistance 

of the wire at 0° on the gas scale and a and p 
are constants. 

A piece of pure platinum wire is doubled and wound on a mica 

frame. (The wire is doubled to avoid the effects due 
to self-induction.) The mica frame is enclosed in 
a tube made of pyrex glass, fused quartz, nickel or 
porcelain and having thin walls, To enable the re- 
sistance of the platinum wire to be determined, it is 
joined to long copper wires L x and L z called leads. 
To prevent the oxidation of the wires at high 
temperatures, the tube is exhausted and sealed. 

To determine an unknown temperature t, we 
must know the three constants R 0 , a and p in ( i ), 
To determine these, the resistance of the thermo- 
meter is determined at 

(1) the melting point of ice i.e., 0°C. 

(2) the boiling point oi water i.e., 100°C 

(3) the boiling point of pure sulphur i.e. 4446 C C, 
by a modified form of a wheatstone wire-bridge (as 
given below). 

It will be noticed that the leads L x and L z are 
necessarily long and have appreciable resistance and 
this resistance will change with temperature and in- 
troduce errors. To eliminate the resistance of the 
leads, Callender put compensating leads C x and C 2 of 
Thermometer. t ] ie sa me material, length and cross-section as L X ,L V in 
the tube, close aiul parallel to L X L, and kept the four wires L X ,L Z , C x ,C i 
separated from one another by passing 
them through mica discs M, M, M. 

Callender and Griffith's Bridge. 

The ratio arms were made equal, 

L x , l.. t were connected in the X arm 
while C v C, were put in the R arm. In 
this case, the resistance of L x , L, will 
always be balanced by that of C x , C\ at 
all temperatures and will not enter into 
calculations. A piece of platinum wire 
EF of uniform cross-section and of re- 
sistance k ohms per centimeter was c, 
inserted between R and A' as shown. If 
a balance point is obtained at D then 

R-r<i.k~X+b.k (v j 
\or X=--R-\-(a— b)k 




Fig. 1.7. 
Rr islauce 


thermometry 


the introduction of the wire EF in the bridge makes the balancing 

very delicate and increases the accuracy of the work 

•I It is a very compact and neat arrangement and be ^ to 

measure temperatures over a \er\ NSl( le ran § e ^ , * • 

with the accuracy of the standard gas thermometer and hence u, a 

ml able standard. Moreover it has been shown to be free fmm 
changes of zero point, because pure. soft, annealed P^tmum vsare has- 
alwavs the same resistance at the same temperature. - 

thermometer is particularly useful when small temperature change 
have to be measured or when the average temperature of a small 

region is required. 

Since the porcelain sheath is not a good conductor the thermo- 
meter cannot quickly attain the temperature of the bath in which it is 
immersed and in addition possesses a large thermal [capacity . lkmt / .is 
thermometer cannot measure accurately rapuily-changtng temperatures 
and is inferior to the thermo-electric thermometer for such purposes. 


1 13 Callender has given the following method of calculating 
Wperatures .dth the help of the platinum resistance thennometer. 

On the platinum scale of temperature we assert that equal 
changes in the resistance of the wire denote equal changes in tempera- 
ture Thus if R 0 is the resistance at the ice-pomt. A 100 at the steam 
point and R t at a temperature t p , then as in a gas-thermometer 

... (0 


tp— 


1 °° 

Aiaa 


when t. is a temperature measured on the platinum scale. This tem- 
perature is difiemit from the correponding temperature I. which would 
be indicated by a gas thermometer. Callender has. howeier, shown 
that the difference 


/_/„_&[( ) 1(M) ] 


where 8 is a constant for the particular wire. To determine 8, we hnd 
the boiling point t v , of pure sulphur boiling under standard pr^ure 
with the help of the platinum resistance thermometer. But we know 
that sulphur boils at 4446°C. Substituting, these values in (0 8 is deter- 
mined once for all for that thermometer and any temperature measured 
on the platinum scale can be easily converted to the gas scale. 

It is more convenient to use the linear formula (i) than to use 
the parabolic formula of the previous article. 

1.14. Some Important Fixed Point*. 


B. P. of Oxygen 
M. P. of ice 
B. P. of water 
B. P. of sulphur 
M. P. of silver 
M. P. ef gold 


- 1S2-9TC 
OOO'C 
10000 c C 
444-60'C 
960-8'C 
1063 -0°C 
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Seebeck Effect. If two rods of dissimilar substances, say 

iron and copper, be soldered at 



called a thcrmo-eleclric current. 

The strength of the cm rent 
depends upon 


the ends so as to form a closed 
circuit and if while keeping the 
temperature of one junction 
constant (say in melting ice) the 
temperature of the other junc- 
tion be gradually raised, an 
e.m.f. is developed in the circuit 
and a current flows. A 
galvanometer included in the 
circuit will indicate a flow of 
current, while a mi lli- voltmeter 
will indicate the e.m.f. develop- 
ed. The two rods are said to 
form a thermo-couple and the 
current flowing is the circuit in 

flowing through such a circuit 


(1) the nature of the materials forming the couple, 

(2) the difference of temperature between the two junctions. ' 

As the temperature of the hot function is gradually raised, the 
strength of the current also shows a progressive increase. It is, 
however, prcterrable to measure the e.m.fs. developed in the circuit 
rather than the currents becaise the e.m.f. depends only on the 
temperature and is independent of the resistance of the circuit, while 
the current depends upon the resistance and the resistance changes 
with a change of temperature. 


As the difference of temperature between the two junctions 
increases, the e.m.f. also 
shows a corresponding in- 
crease, becomes a maximum 
ior a particular temperature 
OT of the hot function (which 
is different for different 
couples). With a further 
increase in the temperature of 
the hot junction, the e.m.f. 
begins to decrease and be- 
comes zero for the tempera- 
ture OS and then changes 
sign. The temperature OT is 
called the Neutral Tempera- 
ture for the pair, while OS is 
the temperature of Inversion. 

The neutral temperature U n 

docs not depend on ti.e .cn^ature o/Te coldh^tlf *** “ d 
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E.M.Fs developed with various couples 


Tempera- 

ture*^ 

E.M.F. developed (milli-volts) 

Cu-cons- 

tantan* 

Fe-cons- 

tantnn 

Pt-cons- 

tantan 

Cu-PIati- 

nuin 

Pt- 
Pt. Rh. 

-200 

-554 

-8-27 

+5-35 

—019 

. . . 

-100 

-3-35 

-4-82 

42-98 

-0-37 

• • • 

- 0 

0 

0 

0 

0 

0 

100 

4 4-28 

45-40 

— 3*51 

40-76 

4 0-642 

200 

4 928 

! 4 - 10-99 

-7-45 

41-83 

4 1-45 

400 

4 20-86 

4 22-07 

— 1619 

44-68 

43-25 

600 

• • • 

| 4 33-27 

— 25-47 

48-34 

45-22 

1000 

• • • 

4 58-22 

-43-92 

4 18-20 

4 9-57 

1600 

( • 

^ • 

• • • 

• • • 

. . . 

410-67 


* Constantan is Cu 60% ; Ni 40%. 

1.16. Thermo-electric Thermometer. 

on establishing a difference of temperature between the two junctions 
of a thermo-couple is made the basis of temperature measurements. 
A thermo-electric thermometer consists of three main elements 

(1) The thermo-couple consisting of two dis-shnilar metals, 
usually wires, electric insulation and a protecting tube. 

(2) Lead wires to connect thermo-couple and measuring instru- 
ment. 

(3) The e.m.f. measuring instrument is usually a potentiometer 
(for great accuracy) and a millivoltmeter (for quick work) e.g., for 
measuring rapidly changing temperatures. The materials selected for 
a thermo-couple should develop a relatively large e.m.f. and to ensure 
freedom from reversal of e.m.f., the neutral temperature should he remote 

from the temperature-range in use. 

The copper-constantan and iron-constantan couples are ex- 
tensively used for temperature measurements upto 300 1 both in the 

aboratory and in industrial processes. They develop relatively high 
e m Vs. and have approximately linear temperature— e.m.f . curves. 1 Ins 
is a desirable characteristic since measurements at only a few tempera- 
tures serve to establish the calibration curve for the couple. Ft— ft. 
Rh couple can be used upto 1600°C. It must be very well-protected 
because it gets easily contaminated. For temperatures upto toOO ^ 
pyrex tubes are very satisfactory for protection as well as insulation. 
Above 600°C porcelain tubing should be used. ( ; j ; 
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Fig. 1.11. 

Temp- e.in.f. curve. 
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Where however there is no risk of contamination, a thermo-couple 

can be inserted into the source 
without a protecting sheath. 
The time-lag between the inser- 
tion of the couple and the 
indication of e.m.f. is then small 
and it can therefore quickly 
register varying temperatures. 
Its small thermal capacity is also 
a great asset in this case. 

In designing a thermo- 
electric thermometer the following 
points must be kept in view : — 
(1) The circuit should have a 
high resistance, so that the 
change of resistance with tem- 
perature may not appreciably affect the voltmeter reading. 

(2) The wires forming the couple should be fairly long, so that 
when one junction is heated, the other ends of the wires where the 
voltmeter or galvanometer is joined may remain at practically one 
constant temperature. 

(;)) The portions of the couple at the hot end should be protected 
in porcelain sheaths to save them from contamination. If there is no 
such risk the sheaths may be dispensed with. 

(1) The thermo-couple circuit should be properly insulated, as 
even a slight leakage will produce an appreciable error. 

(5) The e.m.f. in a thermo-couple changes if the wires get strain- 
ed. Hence great care should be taken in using the instrument. 

(6) Stray e.m.fs. arising | t 

from various metallic contacts < » 

in the circuit should be guarded 
against. 

Use of Potentiometer. 

CL is 3 platinum wire of 
length : raving a resistance R 
in scries with it. Other connec- 
tions arc made, as shown. If the 
balance point occurs at D, the 
fall of potential is proportional 
to 'a' and is alto proportional 
to the e.m.f. developed in the 
thermometer. Let E be the 
e.m.f. of the cell (this can be 
measured with a voltmeter) and 
k, the resistance per cm. of the 
wire CE. Then the P.D. bc- 

tween C and D= — - E 

h+kl 

a»d can be easily calculated. 
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Fig. 1.12. 

Use ot a couple and potentiometer. 
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_ The thermometer is put in a bath which is brought to various 
known temperatures and the corresponding e.m.fs. developed are 
calculated from the position of the balance point D in every case. A 
curve similar to Fig. 1T1 is then drawn. To determine any unknown 
temperature, the e.m.f. (04, Fig. Ml) is determined ; then T gives 
the corresponding temperature. 

For industrial purposes, a milli-voltmeter graduated to read tem- 
peratures directly is used with the couple. The instrument then 
becomes direct-reading, which is a great convenience. 

This instrument has a range equal to that of the platinum resis- 
tance thermometer but is inferior to it in accuracy. However, for 
temperatures exceeding 1000°C, it is the only instrument that can be 
used conveniently. Moreover, it is very well-adapted for measuring 
varying temperatures due to its low thermal capacity and small 

time-lag. 

In comparison with resistance thermometers, thermo-couples are 
usually simpler to make, easier to inspect and less difficult to maintain. 
Usually cheaper to buy, they are generally preferred wherever they 
meet the requirements of range, sensitivity and accuracy. In addition, 
the use of couples is sometimes dictated by space requiremens. 

Using a string galvanometer as indicator, the thermo-couple has 
been used to study the very rapid temperature variations which occur 
in a nerve along which a stimulus is being transmitted. 

H7 Electric-power plants depend on temperature-measuring 
equipment for protection against over-heating and for determining 
the maximum load that can be safely put on them. To prevent over- 
heating of motors and generators an automatic recorder and an alarm 
are necessary. Thermo-couples and Resistance-thermometers are 
used for the purpose. Sometimes the resistance of the field-winding 
itself is measured by a sensitive bridge. As the resistance of the qoil 
varies with its temperature, it serves as an index of that temperature. 

1.18. Vapour-pressure Thermometers. The pressure of a satu- 
rated vapour in equilibrium with its pure liquid varies rapidly with 
changing temperature. It is possible to utilize this property for 
temperature measurements. It is actually being employed to good 
advantage at very low temperatures. The relation between \ apour- 
pressure, P, and temperature, T, is represented by 

. B 

log P=A-f--^r 

where A and B are constants. For greater accuracy, one or more 
additional terms may be added on the right. Vapour pressure thermo- 
meter have distinct advantanges in the fact that a great change in 
vapour pressure corresponds to a comparatively smaller change o 
temperature. This gives a high sensitivity. Moreover, the vapour 
pressure is independent of the amount of the liquid present, and ot 
the material, volume and shape of the container. During its liquetac- 
tion, a gas can thus act as its own thermometer, right upto its point 
of liquefaction, ; 


1C 


PRINCIPLES OF HEAT 


1.19. ; Thermistors. Thermistors are devices' which have an un- 
usual electrical sensitivity to heat and can detect extremely small 
temperature-variations ( e.g ., measuring the warmth of human body 
fromj a considerable distance and locating position of a factory- 
chimney from its heat radiation). They are made of semi-conductors 
like oxides of manganese, nickel and cobalt. The semi-conductors 
have the unusual property that their resistance is high when they are 
cold, but it drops rapidly when they are heated. Thus the resistance 
of a thermistor, made of oxides of Manganese and Nickel, at 50°C is 
one-ninth of that at 0°C. Thermistors are usually made by heating 
tne compressed, powdered semi-conductors to a temperature at which 
they combine into a compact mass. Metal contacts are applied to the 
mass by firing. 

In using a thermistor as a temperature-measurer (and they have 
other important uses e.g., as voltage regulators, resistance compensators 
in electrical circuits, speech-volume limiters etc.), the usual electrical- 
bridge method is adopted. Care is taken that the bridge-current is 
sufficiently small so that it produces no appreciable heating. If this 
precaution is taken, the thermistor resistance will depend only on the 
temperature to be measured. 


One great advantage of the thermistors over the resistance 
thermometer and the thermo-couple is that the associated measuring 
instruments can be kept at a distance from the hot bodv whose 
temperature i* being measured, because we can design thermistors of 
such high rcsisl ance that the resistance of the connecting wires can be 
neglected. It can also detect temperature-changes which are too 
small to be detected by the other thermometers. Moreover, the 
tempera tuies of objects which are inaccessible or are in motion or 
are u o ' . t for contact thermometry, can be determined by focussing 
the r ‘lions mom the object on a suitable thermistor. 

Vui! the new beat-sensitivity provided by thermistor, it is 

possible cO device bolometers to detect the small heat radiated by 

s ; jc 1 ll0n incandescent objects as vehicles and ships. The tinv 

ihcn,i>tor- dement is placed at the focus of a parabolic reflector which 

is p. i, .cd toY.-nds an\ specilic object m the same way as the reflector 
of aii agronomical telescope. 


QUESTIONS 


»nddc n ^-fj 0 Ciltaw-ulo^ nneC tl,crmomctc r- What are its merit 
, " ^ uc a mathod ol measuring temperatures with it. 

'! s ^F ai h^tma C nce ant ^ ?- OIT1 


thermometer and a therrno^SpW whlfofe ano'th™° m0t0r ’ * resistanc< 

discuss lheS£?£^S iho n tl!c ;rm ° m V ri e ^stance. Henc. 

substances used in de varSS"ho™ometem nn ° melrl ° Properties of th< 
5. W rito short notes on : — 


(i) Calendar’s compensated thermometer 
(n) V apour pressure thermometer. 
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..... See beck effect and its use as a temperature-measurer. 

K XheSstf and their use as temperature-measurers. 

(v) Callendar-Griffth Bridge. 

r "hetirr g as - - «• «*« — - 

meters. . „.„ r u;nrr of a Jolly’s air thermometer. 

Explain the construction and ^ork g f - method of removing 

Point out the sources of error m it ana sugge 

these objections. measuring temperatures by means of 

a resistance t^e < rrnome ter “How^can^e^perfftures^on the gas ecaie he 

dete 8 rm Dt^Vth^“en^Heat is energy that flows in response to a 
ten> rTi"rthUtorical note on temperature measurements. 



CHAPTER II 

thermal expansion 

The difference between the mere curiosity of a child nnrl 
these isolated facts into £neral ^conclusions -T aST 8 ° f 
crystals'of Xr Sefll, ^ / C ' “* 

Tength ‘is the Ire impoTa^'fs cT.fe" 

increase in area is called suLf?rL f d e *P™™n. The 

the cubical expand, SUp " f,aal ‘*P a "™» and that in volume, 

depends u“ ^“md iJnmh '"(in mil" * he i e . ngth of a rod 

and (iii) on the nature of" ts material " r "* ° f ' tS tem P era ‘”« 

a is a constant dependin^oiTthe^iatur^’of'it^ 0 °° , res P ec . tivel y and 

ior different materials. ^ lts matena l and is different 

This gives L t =L 0 (i + ai) 

anS rx= Lt ~J-*_ = J dl W 

, • / ’ dt ’ 

w ‘ lere ^ , s the increase in length for a cmnii • t 

Ecuatio, (0. gives the iLth ‘ of' 1 * 


<1 “ 1 +an =(I +aM (l+a^-i 

~( 1 + a/ s) (I — a/j) 

— 1-f a(/,_/) 


The increase suffered bv a rod ore Vm 1 1 ' r 

oi one degree centigrade is called it* ™ «?* f ° r a nse of temperature 
Its valuers diflerent for different mkterfcds 1 *"* ° f Hnear ^P^sion (a). 
( - ' Cubical Expansion Th^ ‘ 

nds (,) on its original volume. the volume of a S oUd 


trends (0 on its o r^ lu ^ * the volume of a solid 

»nd („f) on the nature of its materia/ the nse of its temperatun 
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or 


Vt-V 0 =V 0 . Y -t- 
• Vt-V 0 


1 dV 

~~y • ~nt 

The increase in volume suffered by a cube of one cm 

TvaCis difierent for diflerent materials 

Tt is easv to establish a relationship between a and y. Le 0 
the l^th&d cube, Mte rise 

atg g £ SS rides become Respectively 

i 0 (l+M, ln+a 2 .l), f„(l+«,0 and the volume 

-W + t* i +«2 + a a)0 ^ b( . very sm all, quantities 

SrlSthdr products'wili be'stiti smaller and hence negligible. 

The increase in volume 

VI- V 


• • 


>'=iEf 0 =“ +a ’ +as 


In the case of an isotropic solid rie. , whose ^Coefficient 

_Vh 2=Ul «4» « »• «■ 

Its volume at 0°C is V 0 - 


M 


Po 


P o 

Vt F 0 (l+yO 


and that at t°C is Vl= ~ 


• • 


P‘ 


or 


F 0 

= l+yL 

Po __ 


^ i ^=' , “ (1+v0 ' 1 
=f>o(i-yO- . 

or „ ft. temperature rises, the densrty imsntshes. 

* m.»— rtf? 

IX" treLg LS the SmerTsmam- 

! placed in double-walled troug uallv^hat of melting ice while the 

ttssz 
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huge stone blocks. The trough containing the standard rod, is 











■ 


m 





Fig. 2.1. 

Comparator arrangement. 

brought under the microscopes, and the microscopes are moved back- 
wards or forwards with the help of micrometer screws so that their 
crosswires coincide with the two fine lines ruled near its ends and the 
readings of the micrometers are noted. The experimental rod is now 
brought under the microscopes and the latter are again focussed on 
fine lines drawn at its ends. The ice-cold water in the troughs is now 

a known temperature. The rod expands and 
the microscopes have to be moved backwards to focus them on the 
lines again. The total distance moved back by the two microscopes 
is the expansion produced. By changing the water, expansion over 
various ranges of temperature can be studied. In the end the 
standard rod is again brought under the microscopes to make’ sure 

that the ch stance between them has not altered, which is however 
yen- unlikely, because they are mounted on massive stones If 
however th-re be a slight displacement, a correction has to te 

applied For studying the expansion at very low temperatures, the 

*od can be cooled m liquid air. v 



truction of watches and clocks. A material •elim-^T^dteS 
hair-sp rings or watches and has the property, that its elasticity remains 
pi acucahy constant over a vide range of temperatures. A new variety 
c, invar winch is stainless and incxpansible has also been ** 


sc easuy. Silicon whose coefficient 

too coi^wat^r withouT'cracking!^ 6 ^ ™ d th “ ?»'"«* at once 

menta*fr 0 ri°clxjut -pen- 

H at the lower end so that on heating it can P 0 ?* 

An optical lever is placed with its hhfd legTn G ^ y e 3^ d 

1 Iron containing 36 por cent nickel ■ - 



EXPANSION OF SOLIDS 


21 



rhc rn I— 'll" -J £' “S.ca.'.'rfS™ SSS 

ssr .f5!fs.;.V"s ”.!« .u™ rrs 

f 1( which is given by the the ™°™ d the rod expands upwards and 
Steam is now circulated round the roc ^ other than H 

the tver is slightly tilted orwarf so tha^some™ ^ 

now comes on the cross ^ir - \vhen the rod is fully expande , 

« tTSS^e- Let the final temperature 

1)6 1% The displacement is x x -x^x ^ 

~ s iound by 

pricking a paper wrth delever the fflgle , through 

If l be the increase in the lengui u 
which the lever is tilted, is given y 

.-L () 

P 


Icq tan £»>= n * i 

*» . »«". — «" ■" “+ '' ““ 

\oves through 20. As 0 is smal 

20--F I 

* (*) 

0 


tan 20j=-p 


a r\ 
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combining (t) and (it) 



The coefficient of linear expansion of the rod is 


l 


L • (^2—^1) 

where L is the original length of the rod. 

This is a very sensitive method and is capable of yielding very 
good results. 


Expansion Coefficients. 


Aluminium 

25.5x10-9 

j Copper 

16.7 

! 

i Steel 

10.5 to 11.6 

j Platinum 

8.9 

Bras? 

18.9 

German silver 

| 

18.4 

| Silica 1 

1 

0.5 

Hard glass 

9.7 


2.3. Cru-eiren Law. The coefficient of linear expansion of 

so k,- changes w.lh temperature ; it decreases as the tenmeratu^e 

)uhc. t ne bpecilic l'.eat ot solids changes in the same wav rnmoi'cen 

gave the law that the ratio of the coefficient of tin -nr Z* G nei ^f n 
metai to it, specific W */ i,,,/ J : V. ™P<»Jsu>n of a 


t°C 


100 " 

0 

100 

300 

S7° 

0 

100 

400 


a x 10° 

a x 10* 

c ‘* 

Aluminium 

— 

18-2 

109 

230 

110 

24*9 

112 

29 

119 

Copper 

141 

174 

161 

177 

16-9 

ISO 

19-3 

179 


t'C 


— S7’ 
0 

100 

500 

- 100 ° 

0 

100 

S75 



ax 109 
C n 


3&9 

327 

331 

350 

268 

280 

277 

267 
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£Y£ 


CA'Oii W/tf£S 


It is evident that for any one substance the values in the third column 
are practically constant are obtainable in 

- «"■ T “ 

opposite faces of a crys- 
tal are ground plane 
and parallel to each 
Qther. It is then placed 
on the polished top P of 
the table. A long-focus 
lens is placed near and 
parallel to the surface 
of the crystal C. The 
thickness of the air-film 
between the top of the 
crystal and lower surface 
of the lens is adjusted 
to a suitable small value 
The film is then illu- 
minated with a parallel 
beam of monochromatic 
sodium light which is 

reflected down vertiraUy . taUes place between the light 

on it by the glass plate G. Interference taues p o{ thc lens 

reflected from thc top of the crystal “J* lo num ber of altcr- 

and a microscope M focussed on the Thc temperature 
nate bright and dark rings called Nylon s «««• placed in 
of the crystal and the plate P is read byaftemon. ^ 

contact with them. The apparat s can be ma j n tained by 

double walls in which an V d ? s,r . J* ‘ rhe crystal expands, 
circulating hot air through the am P ■ p laccc j The rings 
the thickness of thc film alters and t e nng a c chsp a e 
expand and move outwards as the th eknesso , i rue thi ck- 

A displacement of one ring corresponds to an 0 f the fight used. The 
ness of air-film equal to half the wavedeng h of tte a cross . wire . 

o? rin^ 1 that ‘cross the ° fieldhrf view while the temperature changes 
from ti to t 2 . 




MwrONS RINGS 


Fig. 2.3. Fizeau’s apparatus for crystals. 


* According to Huygen 

■ of equ-T amplitude « Uuvcl . , . Aur— 


waves of equaT amplitude and phase difference 

resultant displacement at any point dep d ^.r sum J tho individual 

between the waves and is equal to h , 0 t ), ov r e- in force each 

displacements. If the two waves , 1 in ’ opposite phases, they 

other producing a maximum effect, it g tivoly and produce a mini. 

annul each other a effect or mtorfe * er f Pr0 nce of Light. Interference is 
mum effect. This is known as Interference 

the cause of the formation of Newton e rings. 
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n. X/ 2 — — h) — hfhMt — ^ 1 ) 

= Wi a i ^2) (^2 — M 

where Z* and / 3 are the lengths of the crystal and the supporting 
screws, and a 2 their coefficients of expansion and is the wave 
length of the light. The wave-length of the yellow light is 6 X 10^ 5 
cm. and since a displacement equal to £th of a ring can be easily 
measured, expansion of the order of (6xl0" 6 )/5x2 or lO” 8 cm. can 
be measured in the way. 

To measure the expansion of the screws, in order to determine 
the absolute expansion of the crystal, the above experiment is repeat- 
ed without using the crystal, interference taking place between the 
polished plate P and the lower surface of the lens. 

Tutton improved this apparatus by supporting the crystal on a 
small three-legged table of aluminium resting on the plate P. The 

levelling screws are made of platinum. Their relative heights are so 
adjusted that the expansion of the aluminium table just cancels the 
expansion of the platinum screws. The absoluble expansion of the 
prystal is thus directly obtained. 

The expansion of a crystal is usually different along its three 
axes. Hence to determine its cubical expansion, the linear expansion 
coemcients a x , a 2 , a z are measured along three mutually perpendicular 
axes and the cubical expansion determined using the relation 

In certain crystals eg., ice-land spar, a rise of temperature causes 

oth^recSs! 11 CCFtam direCti ° nS While CX P ansion occurs aIo5 


, „ . apparent expansion of a liquid. A liauid 

•< C - S -' v .' L " b '• vo '' m l e . OIll y takes up the shape of the vessel in which 
it is comamed. When the liquid is heated in order to find its volume 
Ac vessel coining it also expands and complicate 
pr A>lun. Hence m c.etermimng the real expansion of a liquid we 
musHvno^- the extent to which the vessel has expanded q If we 
o' 1 to t-'e later, we only get the observed or apparent expansion. 

uppose the liquid is contained in a graduated flask Let V be 
its volume at 0 °C and V x its observed volume at Z°C Then the^ef 
of apparent expamon Auen » ine coei * 


r ° vzr- 


u. 




If g be the coefficient of cubical expansion of • • -« 

the real volume of the vessel unto tW v !• c °ntainmg vessel, 

a D d the coefficient of real ‘ be W+& 

v.= 


V a .t 


» .Yi- r. 

v 0 .t - 


¥ 0 


‘J 

k : .1 
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-»+ iMi , 

r 0 


=ya J rg- J rya-S- t - 

i '■ =ya-\-g 

neglecting the third term. Or, 

ih . coe f of real expansion of a liquid =coef. of apparent expansion 
■\-coef of cubical expansion of the containing vessel. 

2 9 Determination of coef. of apparent’expansion. It can be 

determined with the help of a specific gravity bottle. The bottle is 
clean™ dried and weighed. It is then filled completely with the 
experimental liquid which is a few degree above the room tempera- 
tnrp This is done because the temperature inside a balance-case 
L always a bit higher than the room temperature and if the 
bottle were filled with liquid at room temperature^ a little of 
the liquid might escape by expansion while it is being weighed. 
Next the bottle is suspended by a wire in a bath so that it is dipping 
unto t ie neck in the bath. The temperature of the bath is raised 
S thpn keDt constant for sometime at a temperature a few degrees 
“taSSoint of the experimental liquid. (A water-bath 
bp used with glycerine] . The liquid expands and some of it 
escapes. The bottle is now taken out from the bath, cooled, dried 

on the outside and weighed. 

Let M be the mass of the liquid left inside at the higher 
temDerature t, in the mass that overflows and let p be the density of 
the liquid. The mass filling the bottle at the lower temperature to 
k (M+m) It is clear that a volume M/p of the liquid expands to 
(M+m)/ P fora rise of temp. (/-/„). Hence coef. of apparent exr 

pansion of the liquid is 

M-\-m M ; 


ya = 


M 

p 


o) 


m 


M\t-t 0 ) 


or coef. of apparent expansion 

mass of liq uid exp elled 

= mass of liquid inside "T f rise of 

at the higher tern- / X \ temperature 
perature 

2.10. Determination of coefficient of real expansion of mer- 
cury (Dulong and Petit’s method). 

The real expansion of mercury was directly determined by p u |o n g 
and Petit in 1817. The determination is based on the principle tnat 
the pressure exerted by a column of liquid depends only on the vertical 
height of the column and on the density of the liquid and is not affected, 
py the shape and size of the containing vessel. __ 



ft 
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A U-tube is set up vertically and its central limb is kept horizon- 
tal. Tbe vertial limbs are sur- 
T rounded by wider tubes, 
j Through one tube steam at 
; t 2 , and through the other, 

! cold water at t x ° is passed 

• while the U-tube is filled with 
h t mercury. The lengths of the 
,p vertical liquid columns are 
' 1 equal to begin with. Later, the 

• mercury in the hot limb ex- 
pands while that in the cold 
limb contracts. The two 
heights h x and h 2 ane measured 
after conditions have become 
steady. Then if p x and p a be 
the densities of mercury at 

and t 2 respectively. 



COLD 

iihr mr£R \ 


Fig. 2-4. 

Dulong and Petit’s arrangement. 


(Art. 2.3) 


or 


Pi _l+y^ 2 A, 

p 2 ~i+?r k 

h o— hi 

A 1^2 

The above arrangement is not satisfactory because 

(*) The liquid above the corks is necessarily at a different tem- 
perature from the liquid below. 

(ri) As surface tension depends upon temperature, the curvature 
of the meniscus will be different in the two limbs and this will make 

the measurement of heights less accurate. 

{Hi) There will be a convective flow of the liquid along the hori- 
zontal tube which will produce a mixing of hot and cold liquids at the 
lower ends ci die vertical limbs. To lessen this error, the horizontal 
tube was made of a narrower bore. 

lo overcome these objections, Regnault devised two methods 
for determining the absolute expansion of mercury or, as a matter of 
fact that oi any other liquid. 

Some Expansion Co-efficients. 


Methyl Alcohol 

122x10-5 

Ethyl Alcohol 

110 

Mercury 

1S-18 

Glycerine 

53 

Turpentine 

94 

Sulphuric acid 100 % 

! 57 

1 


2.11. Regnault s Determination of Real Expansion. 

First Arrangement. Two vertical tubes AB and CD are 
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connected near their tops by a horizontal tube AC oi tine bore 
having a small hole at L . These J 
tubes are connected at B and D to -r 
a bent tube BEFGHD as shown. I 
A branch at K is connected to a 
pump by means of which air 
maybe forced into FG. The free 
surfaces at A and C are subject 
to the pressure of the atmos- 
phere while the surfaces in the 
tubes EF and GH are subject 
to an air-pressure sufficient to 
maintain the levels as shown. 

The mercury in CDHG and in 
EF is kept at a constant tempe- 
rature t j and that in AB at a 
higher temper aure t v The hole 



Fig. 2.5. 

Absolute of expansion of liquid 
Rognault. 


nigner icmuciauiL . . .. * . t 

L ensures that the upper surface of mercury in the vertical tubes is at 
the same level as L . 

Since pressures at A and C, and also at F and G are equal, a 
column of mercury equal to the vertical height FG=h, gives the dif- 
ference in pressures due to equal columns of mercury, one hot and the 
other cold Hence the effective height of the cold column is CD minus 
the height FG, while that of the hot column is AB or H 


1 / h \ 

•• yz= t^h (ff-F 


Second Arrangement- It consists of two narrow steel tubes AB 

and CD joined at the bottom 
by a flexible iron tube F and 
at the top to glass tubes G x and 
G v The portions of the steel 
tubes at A and C are maintain- 
ed accurately horizontal 
throughout, with the help of 
copper blocks C x and C 2 The 
vessels holding G v G 2 and CD 
contain water at a common 
temperature t x while AB is sur- 
rounded with water, at a 
higher temperature f 2 . The flex- 
ible tube F enables AB to ex- 
pand and CD to contract freely. 
As a result of heating AB and 
cooling CD, B is pushed down 
while D is pulled up. The mer- 
cury in AB expands and there- 
fore stands higher in G x , while 



Fig. 2.6. 

Regnault’e Second Arrangement 


that in CD shrinks and stands lower in G % . 
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The pressure at G x and G 2 is the same (i.e., atmospheric), hence 
for equilibrium, the difference of pressures between G x and B, must 
equal that between G. z and B. If t 2 be tbe mean temperature of F, k 
is clear from the diagram that 

h 1 p 1 -\-h : f2=h i p 3 -\-h i p 1 -{-h 6 p 1 

where p v p 2 , p 3 are the densities of mercury at t^, t 2 , t 3 respectively. 


But 


Pt= 


Po 


1+y.t 


^lPo , ^2?0 


• • 


i+y-^ ' i+yA” r i+y-*i 


IhPg , 

. 4 t 


h\Po , ^sPo 


+ 


h\ ( h h s ’ 

l+y-^l-H'.** l+y-4 l+y.<i 1+yA 

from which y can be calculated. There is some uncertainty about the 
temperature t 3 , but since h z is very small, the mistake introduced is 
almost negligible. 


Two Methods Compared. In the first method the mixing 

of hot and cold liquids is impossible and since, EF and GH are at the 
same temperature, the surface tension at the top of these columns is 
equal. The mercury at A and C is at different temperatures and a 
mistake in heights is possible due to the unequal surface tension in 
the two limbs. Since, however, the tubes are very wide, the error is 
not appreciable. In the second method, the top of mercury columns at 
G\ and G., is at the same temperature and there is no error due to sur- 
face tension, but a mixing of hot and cold liquids does occur in F and 
there is also some slight uncertainty about the temperature / 3 . The 
second method has been improved upon by Callendar and Moss and 
has found favour with other workers also. 


2.12. Arrangement of Callender and Moss. In the Regnault’s 
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Fig. 2*7. 

Callender aud Moss’s Arrangement. 

second arrangement tl.e two merer}' column were each 1 5 metre 
long. Callender and Moss used six pairs of hot and cold columns which 
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L were connected in series as shown. The hot columns were arranged 
side by side and were placed in one bath. Similarly the cold columns 
Were placed in another. This amounts to using a hot and a cold column 
of six times the length used by Regnault, and the method consists in 
increasing the effective length of the two columns and yet keeping the whole 
arrangement quite compact, Using this arrangement, they determined 
the expansion of mercury in various ranges of temperature. The 
mean value of the expansion of mercury between 0 C and 100 L is 

0-000182. 


2.13. Expansion of Gases. Although the effect of pressure on 
the volume of solids and liquids is negligible, it is considerable in the 
case of gases. Hence in the case of a gas three variable— Pressure, 
Volume and Temperature— must be considered. • 

(11 According to Boyle's law, the volume of a given mass of gas is 
inversely proportional to the pressure acting upon it, provided tempera- 
Ze does lot change. Thus on doubling the pressure the volume of 
a gas will be halved. This property is common to all gases. 

(2) Again, on heating any gas at constant pressure, it is found 

that it increases in volume by of lts volume at °° C for each 

flfegree centigrade rise of temperature. This is the Charles's law for 
gases. 

ra If the temperature of a gas be raised, while its volume is kept 
constant, it is found that the coefficient of increase of pressure, /} .s 

also equal t0 27^2 

Careful experiments show that ail gases show marked deviations 
from these laws under trying conditions-neither the volume changes 
wth pressure as postulated by Boyle's law nor is the expansion the 
”me for all gases as demanded by Charles's law. A gas which would 
Conform to both the above laws rigorously is called an ideal gas. 

214 For an Ideal Gas a— 0. Keep the pressure of a gas cons- 
tant at A, and change its temperature for 0= to <"C, the volume will 

become 

V t =V 0 {l+at) 

Now let the gas be compressed to its original volume v 0 , while its 
temperature fs kept at t\ Its pressure will now rise to p t given by 

also pt=poyl+Pl)- 

p 0 {l-\-pt).v 0 =PoMl + al ) 

'or ” j+/W*I+a./ 

or a = /J. 

* ' . 215. General Equation for an Ideal Gas- According to 
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Boyle’s iaw, volume of a gas is inversely proportional to its pres- 
sure at constant temperature 

» 


or 




According to Charles’s law, at constant pressure 

o( l+~ * )= 2%2 (273-2 +0-.T 

where T is the Absolute Temperature corresponding to t° C and a is a 
constant = V 0 I27 3- 2 

or generally 7 V cc T ... ... ... ... (it) 

But an ideal gas obeys both the above laws 

• Foe r.i- 


or PFx T or PV=RT ... (m) 

where P is a Constant called the Gas Constant. The equation (tit) is 
known as the Equation of State for an Ideal Gas. No gas is ideal 
in this sense but the more permanent gases like Oxygen, Nitrogen, 
Helium etc. can be considered as ideal for all practical purposes. They 
show marked deviations only at very low temperatures. 

J 2- 16. Evaluation of the Gas Constant. If V be the gram- 

molecular volume i.c., the volume of a gm.-mol. of any gas (e.g. of 
2-016 gm. of H or 32 gm. of 0) we have P—76 x 13*6 x 981 
dynes, T— 273 2 and F = 22,410 c.c. — the same for a gm.-mol. of all 
gases. 

.*. 76 x 13-6 X 981 x22,410=Px 273-2 
or P=831 X 10 7 ergs per gm.mol per degree C 

This is a universal constant. 

If, however, V be the volume of I gm. of any gas under normal 
pressure and at 0 e C, the equation is put in the form 

PV=r.T 

The value of r is no longer the same for all gases. It changes with 
the nature of the gas. Thus F=700 c.c. for oxygen and 11,130 for 
hydrogen. 

r (Oxygen) = ( 76xl3-6x981 )x70g 


and 


273-2 

=2-6 x 10 6 ergs, per gm. per degree C. 
r (Hydrogen) = ,76 X ^ 981, x 11 130 

Z7u i i 


=4-13 X 10 7 ergs, per gm. per degree C. 

2.17. Thermostat. It is a device for maintaining a bath or 
any closed space (e.g.. the interior of a refrigerator) at any desired 
temperature for considerable periods, to within about 1°C. If the 
temperature gets less, the heat input is automatically increased, 
and if the temperature rises above the desired value, the heat in-put 
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is automatically diminished. For temperatures upto 100°C, a liquid 
or a bi-metallic thermostat can be used but from 100° — 300° the later 
device is usually employed. 

(1) Liquid Thermostat An expanding liquid column gradually 
restricts the flow of gas to the burner heating the bath. At the 
desired temperature the supply of gas just keeps the burner lighted 
and when the liquid is slightly cooled down, the gas-supply gets 
augmented. The temperature can thus be maintained constant 
within narrow limits. The tube T is filled with toluene which has a high 
expansion coefficient, the rest of the arrangement contains mercury 
As the temperature of the bath rises, the meniscus of mercury at R 
moves nearer to the end of the tube delivering the gas to the burner. 
The quantity of mercury is so adjusted that at the desired temperature 
the mercury just closes the end R and the gas-supplv is cut off. To 
keep the burner lighted, a by-pass is provided for the gas at S. 1 he 
supply of the gas at S can be adjusted by pressing the rubber tube 
by means of the pinch cock. When the temperature of the bath 
falls a little, the mercury level at R gets lowered and the?gas begins 
to flow out of R. 



(2) Bi-mctallic Thermostat The heating in this case is electrical. 
When the temperature rises to the requisite value, an electric circuit 
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broken and the heating stops but when the temperature 



Fig. 2.9. 

Bi-metallic thermostat 


falls 

slightly the contact is again estab- 
lished. 5 is a spring made of two 
metals with the more expansible 
metal on the outside. With a rise 
of temperature, the spring curls in- 
wards more and more and it is so 
adjusted that when the requisite 
temperature has been reached, the 
metal contact C come off the plate P 
" and the current is cut off. With a 
fall in temperature the spring un- 
winds itself and restores the connection. 


QUESTIONS 

1 . What difficulties are encountered in measuring the expansion of 
crystals ? How have they been overcome by Fizeau ? Explain, in detail, 

his method for the above. . , - 

2. Show that cubical expansion is thrice the] linear expan sion for 
nnv substance. Give a method for measuring the real expansion of 
mercury and discuss the merits and demerits of the method you select. 

3 Establish the Ideal Gas equation and evaluate the Gas constant. 


Ia it ft universal constant ? . . , .. 

4 Explain the method of Comparator for determining the linear 
expansion of a solid. What is the chief merit of the arrangement. 

5. Explain, in detail, the optical lever method of determining linear 
expansion of solids and work out the formula you would use. 

0. What do you understand by the two coefficients of expansion of a 
liquid! How are they related to each other. 

How will you determine experimentally the coefficient of apparent 
expansion of glycerine. _ . 

7. Discuss the influence of temperature on the density of liquids. 

Explain Dulong and Petits method for determining the real expan- 
sion of mercury. Point out the weak points in their determination. 

8. Describe one of Regnault’s arrangements for determining the 
expansion of mercury and point out the merits of the method you select. 

9. What do vou mean by an ideal gas. Deduce the ideal gas 
ecuatior. and show that for an Ideal gas Volume Coefficient (a)=Pressure 
Coefficient (o',. 

10. What is the function of a Thermostat. How will you maintain 
a temperature of (i) 60 e C and (it) 200‘C within a closed space. 

H. A piston of radius 5 cm. moves in n cylinder made of a less 
expansible metal. What clearance must be allowed all round the piston 
at 60°C so that it may not get jammed at 250°C. 

Coof. of expansion of piston =0.00003/ c C. 

Coef. of expansion of cylinder =0.00002/°C. 

[Let the clearance bo x cm. at 50° C. The radius of the cylinder at 
50°C is (6+s). 

The radius of the piston at 2oO c C i9 

5[1 +0.00003(250-50)] . . . .(*) 

The radius of the cylinder at 250°C is 

(5 + x)[l + 0-00002(250-50)] .. (**) 

Equating (i) and (it), we get 
Jj ; ' " • x=’01 cm. approx.] 




; 
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of £ 

gain or lose when the temperature rises to 50 C . 

/ l 

[Using the formula T=2n \ — 

T -2ir -J — =2 V it keep correct time at 20’C. 
1 ™ 9 

Also Tt**2n ^ 


• t 


Tz J *50 ,/ lao(I+ 3 Qg)_ « al 4 -i Bflt 

2 Z 20 ^ 


or 


r a =2(l + 15a) 

= 2+ 30 x 000001 

or in 2 seconds the clock loses 0 00 °3 Se °‘ 

86400 x 0-0003 

in 1 day the clock will lose 


i 

• • 


Sec. 


= 12-96 Seconds.] 

13. A mercury barometer haa^ '^Catc^^ThTcorrect barometric 
The barometer reads 29.5 mchesat 20 C 0 -00018. 

height. Given a for brass -0000018 ^and y ’*** dl > ations are correct at 

[If the apparent reading of the seal , ° g 

0°C is h\ at rC, then the actual length ht at t l is nil 

The actual pressure-^. p*.!7=M l + a *) l+y< ‘ g 

=^i(l+«t)(l-y0m 

=/i,[l-(y-a)0p°. ( 7 

and correct barometric height . n 

' ° 1 29-5[7 - (0-00018 -0-00001 8)201 
=29-403 inches.] 

or 

Pi V\ PsFi 

[Using the relation — — 7’ 2 

38x1000 = 76xr 2 

273+27 273 _ .. 

... the Volume of a litre of hydrogen under the later eel o com 

38 X 1000 w 273^ 

tlons- - 300 ■ x 76 

-465c.c. atN.T.P 

Now 1000 c.c. of hydrogon weigh OWgm^ 

will weigh jooo 8 ,n * 

—0*041 gin.] 


• * 


455 c.c. 
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CHAPTER III 


CALORIMETRY 

When you can measure what you are speaking about and 
express it in numbers, you know something about it, but 
when you cannot measure it, when you cannot express it in 
numbers your knowledge is of a meagre and unsatisfactory 
kindr — Lord Kelvin. 

Historical. Thermometric scales, giving precision to the idea 
of temperature were developed, as stated already, early during the 
18th century. The problem of heat as a quantity was not yet under- 
stood. People here and there had a vague idea that quantity of heat 
was somewhat dependent upon the mass of hot and cold bodies 
Renadini and others showed that when unequal quantities of the 
same substance at different temperatures are mixed together, the rise 
or fab of temperature is very nearly proportional to the masses in- 
volved and to the difference in temperature, but the rule failed if the 
substances were unlike. Richman, in 1753, noticed that different 
substances coo[ at different rates but he had no clear ideas about 
temperature and t hermal capacity and failed to draw’ any conclusions 
from bis observations. 


Heat was considered to be a material substance whose entry 
would inrease the weight of the body. Boerhaave, however, got a 
negative result on weighing the same body cold and hot and was forc- 
ed to the ccnclus.on that heat had no weight, but the view was not 
ac\ ep' .d. 1 he experiments of Lambert, Crawford and others deve- 

:opcu nr. idea of specific heats, but the measurement of quantities 
oi heat came in later (1760) after ‘Change of State’ had been under- 
I J ; - ; eph Black, in opposition to contemporary opinion, main- 
u ; aad 1 A !v ' Tge quantities of heat are necessary to bring about a 
cn..n S ^, even tnough there is no accompanying temperature 
..Icl.k ;ght melting to be a sort of a chemical reaction. He 
nud ine {emulation of calorimetry by his work with the ice-calori- 
.ueier and -or the first time the question ‘How much?’ was answered. 


1 Uiat m tde physicists discard the concept of heat as a 

1: ,‘. - l,! slal , 1ce lvnai) y was that heat is not conserved, but disappears 

‘ t,t •' li0rk ls done e. g. bv an expanding gas, which cools 


UOV. . 


!«t r 


the process. 


' 1. Calorimetry. 



Fig. 3.1 

Ice Calorimeter. 


It means the science of measuring quanti- 
ties of heat. That heat is a measur- 
able quantity was first shown by joseph 
Black. He scooped out a hollow in a' block 
a ice, dried it with blotting paper, dropped 
mto it two balls of copper of masses 100 gm. 
and 200 gm. respectively which had been 
heated m boiling water, one after the other. 
I he i. ole was covered over with another block 

, ! te - dlll? arrangement he called an ice ca- 
lonnn ter. 1 he mass of water formed by the 
34 
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melting of ice {which he determined by soaking it into a piece of 
blotting paper) was double in the seeond case showing hat 

(») Quantity of heat, Q, in a body cc mass. <». °{ 'A J^ne to 50” 
Next he SS^J & -‘S ^ ^m^of copper and 

amer s . *. 0/ - 

material. Combining we get 

Q^m.S.9. . r 

through the same range of temperature. Defined in this \\a\ , o is a 
number. . , . * ra iorie is defined as the amount 

ol*Lata 

temperature range is left undefined. jts tein nerature, say, 

£ . ii^ 1 f f ATTt to (11°* t Jhe temperature range usually 

from 10". to IT & 81 u ^noT/as the W Atari, and 

is the^ainouiU^f heat required to" raise the temperature of I gram of 

i* TTo? on^S 1 Of trffi 
of heat required to raise the temperature 6 r , . j 

0°C to 100°C It is about 0.02% greater than the 15 calorie. 

3.2. Determination of **** vel^ 

S Sr "to determine the Spread nf^M. >™H 

the final temperature 

3i-wi=s^rffisit-S 

of calorimeter X Sp. heat of its material) and m the mass 
and t c its temperature and S its sp. heat, „ calories 

Heat lost by solid • * j (ft\A. w U—L). 

Heat gained by calorimeter and water-M. 1- i ) ■ J ine( jj 
S can be determined by equating the heat lost 
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Conversely, if the Sp. heat of a solid is known that of a liquid 
can be determined by substituting it for water in the calorimeter. 

It will be noticed that as soon as the liquid begins to gain heat, 
it becomes hotter than its surroundings and therefore begins to lose 
heat to them by radiation. As a consequence the final temperature 
is a bit too low. A simple method of allowing for the radiation loss is 
the following : — 

The calorimeter and its contents are allowed to cool for an 
interval of time equal to that taken by the experiment. Half the 
fall of temperature observed, is added to the final temperature. This 
can be justified as follows. Since the temperature of the calorimeter 
rises gradually from the room-temperature to its maximum value, 
the average excess of temperature can be taken to be equal to half 
the maxim cm excess ; hence cooling produced during the experiment 
i» half the cooling at the final temperature. 


3,3. Bunsen’s Ice Calorimeter. The unique feature of this 
"cCorlmcicr k ihat ti e amount of ice melted is measured by noting 
the change of volume and not by weighing. It is based on the 
principle that when one gram of ice melts to water at 0°C, a contrac- 
tion 0.0 s’, c.c. takes place in its vo'ume. 

A lass test tube A is fused into a wider tube B as shown. 



b.r.rrj?n >■ Ico-C alorimoter. 


-hbh 1 n rn‘] U?d "' Hh "7 !,ec r is mercury, while the 

in The whole apparatus is pul 

there till i little i-> 1 • hd ( o 2 is dropped in A and is kept 

ice in which the apparatus is P nun embedded 6 ‘ Cm P eratUre of thC 

knoumTempTra"!!*'' r'inl hn '“ x P e ! i ‘" e " tal ^stance is heated to a 
P ' m chopped into A, which holds some wate, 
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to absorb the shock and to transmit the heat given out iry the sut 
stance to the ice outside A . Some ice melts and the column oi coloured 

Sol recedes in the capillary. If . » 

the mass of ice melted is a/0.087 and if i be tne latent heat of ice, 
the heat absorbed is L.v/0.087 calones. Tne heat g 
solid in cooling to 0°C is ro.T.S. 

Now w.T.S.=Iv/0.087 ^ 

or S=(Ty/0.087) X - 

The instrument can measure very small quantities of heat and can, 

SSffi^srfto determine the Sp. heat of very small specimens. 
It has other advantages 

U\ There is no loss or gain of heat to or from outside. 

(it) The stirrer, thermometer etc., are not needed. 


V* A w — 

| Substance 

Sj). beat 

Aluminium 

0.21 

Diamond 

0.122 

Copper 

0.091 

Iron 

0.105 

Lead 

0.03 

Mercury 

0.033 

Zinc 

0.092 


Substance 

Brass 
Glycerine 
Turpentine 
Paraffin wax 
Sand 
Glass (crown) 
Sea-water 


Sp. heat 

0.088 

0.58 

0.42 

0.69 

0.19 

0.16 

0.94 


3 4 Metal block calorimeter. In the metnoa oi - 

^"'eliminated in the 

Nernst Calorimeter. 

A block of copper, H, fits into a Dewar flask and another copper 
block C is used to close the mouth of the 11 ask. D 

One junction of eacli of the thermo-couples x and 
1\ is inserted in block B and is in good thermal 
contact with it, while the other junctions are em- 
bedded in the block C which is maintained at a 

constant temperature by immersing the flask in a 

bath. The heated substance is dropped into the 
flask through a glass tube D which is secured m C 
and the tube is. immediately closed with a phig of 
cotton to prevent loss of heat through it. 1 »e 
heated body loses heat to the block B, and this 
heat quickly spreads all over the block (copper be- 
ing a very good conductor). Ihe body and block 
come to a common temperature which is gnen by 
the thermo-couples. If the water-equivalent of B 
is known, specific heat can he easily calculated. 

This calorimeter possesses many advantages. 
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1. The loss of heat across the Dewar flask is negligible and no 
radiation correction is needed. 

2. The thermal capacity of copper being much less than that of 
water, the rise of temperature is larger. 

3. Copper being an excellent conductor, final temperature is 
quickly attained. 

4. It is an excellent method for determining specific heats at 
high temperatures. 


3.5. Vacuum Calorimeter. To determine the specific heat of 
metals at low temperatures, a block of the metal consisting of two 
parts A and B fitting tightly into each other at the top while leaving 
a small annular space at the bottom, is used. Insulated platinum 
wire is wrapped round A . 1 he cylinder is suspended in a vessel and 

cooled to the desired temperature (if necessary in liquid air). The 
vessel is then exhausted and sealed. This serves to cut off heat losses. 



Fiji. 3.4 

Vacuum Calorimeter. 


A cui rent . f known amperage and at a known voltage is sent round 
l..e platinum wire thtough the leads I. v L,. The temperature rise 
(us.io Hj about 1 C) is measured by the change in the resistance of 
the platinum wire which thus seri es the double purpose of a heating 
element and a platinum thermometer. 6 


The heat produced electrically is^V-Ul/. S. where E= po- 

lent,H ] d,r l\ rcnce m ' wits ; I, the current in amperes ; t the" time in 

seconds ; di t.ie mass of AB ; 0 . the rise of temperature and S thS 
required specific heat. y a ° 

If t lie substance is a non-metal nr n . '. ' 

variation of the above method is usee 1 B i- nr, ?? Uct P r ’ a s **§kt 
in which the substance (cut into small U Slh u er VeSSe1 ' 

done by wrapping a resistance ZeZuLTon ^ 
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• i • ij \ lid is now sealed on B. 
usually hydrogen, is contained in • establish a thermal 

B is then suspended as above. 1 he gas is usea 

equilibrium inside the silver vessel. 

3.6. A Note on Logarithms. 

(1) If y 

„ X -=loga*' • 

Thus 1« J -1000 

T . h - ' 3=lo glo 1000 

•• i i ^ in are called common logarithms 

Logarithms to the base 10 are 

(2) l0 ^=li Xl0g - ,V 

= log 6 a Xlog a -V 

- In particular , ^ 

xlogl °- v , v 
= log< 1 0 X log l0 N = 2* 3 log l0 A 

logarithms to the base , are called Natural logarithms and are 

denoted by /„• .. ...(a) 

. I.N =-- 2 3 logi „ N m 

or " lo gl „N=0-« l„N 

Relations (a) and (b) are important. 

(3) logaM + logaN-logaAL N 

M 

log fl Af -loga^ = lo ga Jf 

%t N - 

NlogfliV/ = logaM 

a z =e z, ° ga 


x* , ** ' (x<l) 

(4) log e (l-+-^)= x — 3 " 4 

** x* __ *i_ (jt<1) 

loge(l— x) =— x 2 3 4 

Note. In all theore i{. cal c^CTfiSem^toHcoinmon logarithms 
referred to the base Io comen 

always divide them by 2 3. 

3.7. A note on Differentiation 

(1) Consider the equation, ^ 

* ’a 

Suppose , gets a slight increase A*. I Ins I 

slight increase A>’ in the value of \ . 

y+ &y=( x ^r Ax) 

J ^.x i -\-2x. AX+ &x l ' 1 


..*(<) 
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Subtract (*') from (it) 

&y=(x z +2x.Ax+Ax*)—x 2 

=2x. Ax-f ax 2 
Now A y _ 2x.ax+ax* 

Ax ax 


—2x-\- ax 


If now ax tends to zero. Ay also tends to zero but the ratio 
is generally finite. 


u ^=*y =2x+0 


AX-»0 A x dx 


dy . 


= 2* 


rfx" is called the differential co-efficient of j, with respect to at. It 

measures tlie ratio of the change in y produced hv a client u 
in the value of , to the change in i^fs 

infinites! ma). If the curve ,_«* be plotted. £ gives the slope of 

the lndinati ° n ° f the * an 8 cn * ‘0 the curve at the point 


Shit-larly, if 


y^-x 3 


j dy 

dx 


= 3x 2 


*- t Q /L 


y “T =* 1 

dx =~ Lx = 


i 


2 


:i. ' .V flV ' r " h - » is + veer - ve. integral or frac- 

dy 


W-2 


dx 


=n.x 


1 1 ddierential co-efficient of - d / dy \ . 

dx ' dx \~d x) ,s called t he 
■ rential co-efficient of_y with respect to , and is written 


, / . . 
>1 I 


. • 


ii-i.ce if V _ v „ 

f/y n-l 

dx =ux 

dty n - 2 . . 

(2) DiftCr0ntia, CWf - uf ^ respect to , jL ^ 


X. 
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, ^ dy dz 

m - a s 




irJV--*- 


dy _ <*y_ 

( 4 ) r/.v “ ’ 

(5) Diff. coef. of a constant is zero. 

(6) If ^v=constant. p.dv+v.dp~0. 

Here the independent variable is not specified, dp and dv are 

called differentials. 

If pfy —constant, where y is a number 

pyv y dv+v Y dp=0. 

an 

of a 2 is 2 a, hence the integral of 2a is a 2 and that of a is 2 . 1 Ins 

is written as 

fx.dx = ** 

dx denoting that a is the variable. 

C , a " 4 1 

(2) J x'ix = • 

(3) f x. 

f f =>°g *■ 

(4) Consider the integral 

j\y.ix. -l«) 

when y is a function of a. , . 

Ii W e plot the curve *=/(*)■ (“V >-*•>■ the mtegral (<,) ^ 
the area ABCD included between 
the curve, the x—axis and the 
ordinates x=a and x=b, a and b X> SL 

are called the limits of the in- « 

tegral. Such integrals are called y j ^ — 

definite integrals. I | 

3.9. Newton's Law of ' j ; 

Cooling. A hot body when left i - J 

to itself gradually cools down to U- - I 1 


.dx. 






1 6 -1 


the temperature of its surround- « - - -*i 

ings. Newton found that the D 

rate at which a hot body cools, 
it., the number of calories of Aroa 1 1> 1 
heat lost by it per second depends on 


Fig. 3-5. 

Area defined by an integral 
»nrk on the difference ol 
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temperature between the hot body and its surroundings. This is known 
as the Newton’s law of cooling. One of the conditions laid down is 
that the hot body should be exposed to draughts, i.e., it should either 
be placed facing an open window or under a fan. Under these cir- 
cumstances, the law is true for quite large temperature-differences. 
If, however, the hot body be protected from draughts, the rate of loss 
of 'heat is proportional to the |th power of the temperature difference. 

The rate of loss of heat also depends upon. 

(1) The area of the exposed surface — the larger the area, the 
more rapid the cooling. 

(2) The nature of the exposed surface — cooling being more rapid 
for dull black surfaces and slower for polished ones. 

The law of cooling appears to make sense only in the case of 
liquids, because the temperature of cooling liquids is equalized 
throughout their mass either by convection currents or can be equaliz- 
ed by stirring. In the case of heated solids, the temperature in- 
creases from the surface inwards and tne phrase 'difference of tem- 
perature between the hot body and surroundings' has no meaning 
oecuuse the solid does not possess one temperature. The rate of flow 
ox heat from the interior ol a solid towards surface depends on the 
heal conductivity of the solid. 

Consider a hot tody of mass m, sp. heat 5 and temperature 0. 
Let t\ be the temperature of its surroundings. If the temperature 
icil. Vy 8 0 is a tin e 8', the* heat, 5 H, lost by the body in the interval 
di is 


— 8H—m.s. {—86) 

and the heat lost per second is 


and In the dnut 


cooling suriace. 

Combining (a) .,;th \i) 


811 

80 

bt 

— - — in .S . — — 

8t 

dH 

d6 

dt 

- = — w 

: of 

cooling 

dH 


dt 

-=K k 0-9 o ), 

:1a c 

uding on the 


...» 


•••(**) 
area of the 


d6 


or 

where 


=*<{0-e o ) 

“ Tt - K \o-e a ) 

K' — K/»is. 


...{Hi) 
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form 


This is an important relation. It can be put in the alternative 


di) 


0 - 


= —K'.dt 




Integrating (tv) 


/ Ar -*' ! dt 


(V) 


(0 


Similarly 


(»0 


0— d Q j 

or log(0-0„) = -A"^+C 

where C is the constant of integration . 

Example 1. If a body tubes 3 minutes to cool from 100 5 to GO C 
how — Ja it take to cool from WlofOC AssunuV ,at 

the temperature of the surroundings is IOC and that ^cwt J 

cooling is obeyed throughout. 

0o=lO° 

[■= 3 minutes 

M r de =-'<■ r dt 

Now ’ J 00 J » 

[ log = r — K ' [ 1 ]„ 

or log e 90— log e 50== — K'.3 

rja »-k' 

7 20 0 — ^0 J ° 

or log«50— log a 10= — K7 

dividing («) by (*) 

log«50— log e 10 __ t_ 

Iog e 90 — log e 50 3 ' 

2 . 3[log 10 50 — log 10 10] 

0r • 2.3[log 10 90-log 10 50] 3 * 

1- 69897— 1 = ± 

1.95424-1.69897 3* 

or t~- 8-22 minutes. 

Example 2 . If a body cools in 3 minutes from 100° to G0°C 

how mmhwill the body cool in the next 3 minutes, 
law of cooling to hold throughout. The temperature of the surrounding 

is 10° C. 

Let O' be the final temperature after a further 3 minutes. 

ioo d 0 _ 

«, 0-10 

log«90 — log«50 = — K\3 


/ 


= — K\3 


...(0 


Also 


/ 


0—10 
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or log,50— log,(0'— 10) = — K'.3 

log, 90 — log,50=log,50— log,(0'— 10) . 
or 2 -3 [log 10 90 — log 10 50[= 2 • 3[log 10 50 — log 10 ( 0 '-10)] 

or log 10 (fl'-10)=2 log 10 50— log 10 90 

— 1 44370 
0'— 10=278 

or 0'=37-8°C 


3.10. Sp Heat by Law of Cooling. The rate of cooling 

of a hot body depends upon the • difference of temperature bet- 
ween the hot body and surroundings and on the nature and extent 
of the exposed surface, it follows therefore that the rate of loss of 
heat does not depend on the nature of the contents of a vessel. In 



Fig. 3 6 

Law of cooling apparatus 


other words, under similar condi- 
tions, all bodies will cool at the same 
rate. This is the basis of a method 
for determining the sp. heat of a 
liquid. 

Two identical .calorimeters A 
and B containing equal volumes of 
water and of the experimental 
liquid respectively, are heated to 
about 70°C and then suspended in 
a large vessel as shown. 


The temperature of both calorimeters is noted separately every 
minute and a cooling curve drawn 
for each. The times and /., taken 
1 a the water and the liquid to cool 
Iroi; : say n0 :•> 4u°( are determined 
if era the graph. Th.cn if mi, and 

•f water and liquid, «•, 


e toe jr MAC' 
. \ 


< alorimt-b 


toe water-equivalents of 
s, and s the sp. heat of the 


the liquid, hc-ats h st per second by 
•hr t-.-O ')t as:' equal 

(Wj : lUO . _ 

< ' t 

- -2 

n. ru width 5 can be easily calculated 

lhc method is not very accurate, 
ir is . useo to determine approxi- 
n -iiel;, . r.c sp. heats at inconvenient 
• •-mpctaiuves, where no other method 
- practicable. 


I 

i 



h 


T-ampie 3. r he times taken by 50 c.c. of water and 50 c,c. of a 

and dn\ 1 i f ii ' V ° l ° co [‘ l - ,rutH ,, ’ r> to T3 C are respectively 60 sec 

i S t, ^YV ql T ,Unl ° f each dimeter be o gm., deter 
mine the sp. heat of the liquid . * 
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Mass of water, nt 1 
Mass of liquid, w 2 
Fall of temperature 
Time taken by water, t x 
Time taken by liquid, {., 


=50x1 =50 gm. 

=50 x -8 =40 gm. 
=55° — 45° = 10°C 
=60 seconds. 

=40 seconds 
=5 gms. 


or 


Water-equivalent, w 

Let s be the sp. heat of the liquid, then 

(50 -f 5)10 _ (4O-s+5)10 
60 40 

s=-70. 

3.11 Two Specific Heats of a Gas. Specific heat is essentially 
the amount of hearrequired to raise the temperature of a unit mass 
of a substance through 1"C. A gas can. however be heated by 
mere compression without supplying any heat to it. p 

S= -Sg, in t oat case is zero. Again, suppose that while a gas is 

being heated, it is also allowed to expand against the 

sure at such a rate that the cooling due to expans ion just cancels the 

heating. Here, although heat is flowing into the gas. there 

Hence, a gas can have any 


Q 


IS X 


rise of temperature and S=- 

specific heat between 0 and x depending upon ^ . 

the heating takes place. Two specific heats are. however, important . 

(i) Cv or specific heat at constant volume, and 

(it) Cp or specific heat at constant pressure. 

In fig. ()) one gram of a gas having a volume V is sealed in an 

air-tight box. When heat is supplied, 
no increase of volume can take place. 

All the heat supplied is used up only m 
raising its temperature. 

In fig. (it) the box in which the 
gas is enclosed has a movable lid. W hen 
heat is supplied to the gas, its pressure 
increases and moves the lid upwards 
against the external atmospheric plea- 
sure, p and this outward movement 
continues till the pressures inside and 

outside have been equalized. If the in- , , 

crease in volume is dv, the external work done by the g« 
to do this work, the gas will draw an additional amount of Meat. 

Heat, in this case, is used up. 

[а) to raise the temperature of the gas through 1 < as m te 

first case, and 

(б) to do work, fdv, against external pressure, 




Fig. 3.8 
To Illustrate Cp an<J Or. 
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Hence Cp>Cv by an amount equal to the thermal equivalent of the 

external work done by the gas. 

3.12. Determination of Cv. Jolly’s Method- Two identical 

copper spheres are suspended in a thick- 
walled wooden chamber with the help of 
thin wires attached to a sensitive balance 
placed on the chamber. The spheres are 
exhausted of all air and counterpoised. 
5 is now filled with the experimental gas 
ard the weight W of the gas is deter- 
mined. It is then allowed to attain the 
temperature t x of the enclosure, which is 
recorded with a sensitive thermometer. 
Steam is now admitted into the chamber 
through t he inlet pipe P situated sym- 
metrically between the two spheres. The 
temperature / 2 of the steam is carefully 
measured. More steam condenses on 5 
than on S' and the water formed is col- 
lected in pans attached to the spheres. 
The extra amount m of the steam con- 
densed on 5 is due to the heating of the 





“IT 






J 


>' : V s 


Pi”. :s.‘i 

npanmis foi ( 


encle; > 1 gas. 

.\p.\ water tendinc to fall on the spheres from the ceiling of the 
' di ined oti by thin metal shields MM. In order that anv 

• "ops a w-'ter condensed in the holes 00 may not interfere with the 
' ' -'^ng of the suspending wires, the holes are lined with plaster of 
u.' (he wires themselves are kept hot with an electric current 
1 t'c v- ire C wrapped loosely round the suspending wires. 

■ « : ' :at- ;.t heat of steam, the heat lost by it is tn.L 

( ‘ gained by the gas IP. C,,. (1,-tfi calories. 

v mL^U'.C'.Vz-ty) 

■ calculited. 

! >5 \ ''-d S' are now interchanged and the experiment 

‘ • 1 u - 1 ' ui s I he mean is the value of C c . 

11 • a l 1 died for the fact that (/) the spheres ex- 

i.., g anu u '( lore a buoyancy correction must be applied 
to the weif ' ;s <0 the her temperature 

'• 1 i - exj' . 'a.-, vm of the sphere, the gas also expands. 

b voh,mo <! °V. 1,01 r . n ‘ :: cons tant. It absorbs a certain amount of 
heat in expandin', to it'- v. n volume. If H be the heat taken up for 
this purpose r 

mi -H = ]Y.C v .(t 2 -t l ) 

lie weight m ol the water condensed should also be reduced to vacuo 
ior extreme accuracy. 

3.13. Determination of C P ~(a) Regnault’s Method. The 

experimental gas is stored m a stout steel holder// placed in a tank 


wnc-’ 


;s repe. 

Con i 
pand on 
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of water. Tap P is opened and by turning the regulating screw V 
a slow supply of gas at a constant pressure (as.mhcated by the 
manometer M) is led through the copper coil C immersed 1 1 

bath which is heated from below. As the pressure of the gas^.^w 

falls, V is opened more and more so that the p - su t p a { 

entering C remains unaltered throughout. A. long 0 j t j ie 

the gas may have sufficient time to acquire t ic 1 ‘ ca i or i n ieter 

bath This heated gas at a temperature V * |" t0 a 

K of water-equivalent containing w t grams of water at • 



Fig. 3-10 

Hcgiiflult’s apparatus tor Cj). 

flowing through the coil C SpeSu^of R ?he ' " 

into the air at a temperature / 3 -tne nnai i 

meter and its contents. _ . . % 0 . 

To prevent conduction of '-utacros^tlm a.ilCf ..it £ gauged 
that C terminates at the left of a st d ^ ^ t0 t he 

poor conductor) having a tubular hole a ■ i J oil-bath as 

right of it. To prevent the flow of heat by thc ca ,ori- 

well as the calorimeter have thick wooden coverings 

meter is also well-padded. . . „ 

Since the gas flows at a uniform rate, on the average ,t is cooled 

from l, toM-V. . If m be the mass of the gas that flows through 
the calorimeter, the heat lost by the gas i* 


r ( t __ / * + - / * 
tn.Lp. 2 / 


nd since the temperature of the calorimeter and 
°m t t to t t , heat gained by it is 


its contents • isos 
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Hence m.C p . (t x — - 2 "^ ) = + ^ 3 )f/ 3 — / 2 ) ...(*) 

whence C p is calculated. 

The mass m of the gas is determined indirectly by noting the 
gas-pressure of the holder at the beginning and at the end of the ex- 
periment. If the pressure falls from p x to />., and v is the volume of 
the holder and t its temperature, the volume of the gas that has 
flowed out of it, is given at N.T.P. bv the relation 

iPx-P& _ r Przlh 273 

"273 +/ 273 76 * 273+/ 


Since mass = density x volume 

pi-pi 

m=p.x=p.v. . 


273 

273+/ 


where p is the density of the gas at N.T.P. 

There is an important source of error in the experiment. The 
calorimeter gains heat from the bath by radiation, along the pipe by 
conduction and from the wooden screen by convection, but it also 
loses heat to the surroundings by radiation. On the whole, however, 
it gains more heat in this way than it loses. Hence the final tem- 
perature / 3 is much too high. To apply the necessary correction, the 
experiment is divided into three parts : 

(1) Without starting the flow of gas, the rise in the temperature 
of water, Sj is observed for ten minutes. Heat is brought to the 
calorimeter by agents other than the hot gas. 

(2) The flow of gas is now established and the rise of temperature 
is observed for another 10 minutes. 


(3) The gas-flow is now discontinued and the rise of temperature 
of water. i - again observed for a further period of 10 minutes. 

A quantity 8t - £ (8/, — 8/ 2 ) is subtracted from the final tempera- 
ture T he last fact >r in equation (i) is altered to [/,— (/ 2 +S/)]. 


3.14. A note on Electrical Quantities. (1) Three important 
quantities connected with direct current electric circuits are current- 
strength. resistai ■ • arid potential difference. The rate of flow of 
charge across any ci -s-section of a conductor in the current ; the 
opposition offered by a conductor to the passage of electricity across 
it, is its resistance ; while potential difference is current x resistance. 
These quantities are measured theoretically in absolute units, but 
these units are either too big or too small for practical purposes. The 

second type of units, adopted for practical needs are called practical 
units. r 


Quantity 

Practical unit 

Relation to absolute unit' 

— 1 _ il 

Current 

Ampere 

jq times 

Resistance 

j Ohm 

10^ times 

Pot. difference 

• Volt 

10® times 

— —■■■■■ ' — V 
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is # tbe unit of 


.(2) . 10 7 ergs=l joule 

1 Joule or 10 7 ergs per sec = l watt 

4-2 x 10 7 ergs - 1 calorie 
Or 4- 2 Joules =1 calorie 

(3) amperes x volts —watts 

Joule is the unit of work and energy, while watt 
power. 

i.e., Joule = watt x second 

If a current of / amperes flows through a potential difference of 
E volts for one second, the energy spent is Ex I joules. If all this 
energy be converted into heat, the heat developed is L x 1/4 - camms. 

3.15. Determination of C,-(*) Continuous Flow Method 

t , . .-vnf A v mo and He Use . Uie 



the calorimeter K which is made ot glass, is mmicu — 

tube M to reduce loss of heat. The apparatus is placed in ^on.tant- 
temperature bath. After passing slowly through a king me ta! tu t 
L which is immersed in the same bath the gas o a P*- 
platinum thermometer T 1 (which measures the initial te,n l ,Lr ; 1 ;' 1 c ^ 
of the gas) into the calorimeter I<. I ravelling m the direction f tin 
arrows the gas comes in contact with the heating element // and 
after passing through the copper-gauze packing (*, "Iiin it 

thoroughly mixed, flows out to the right past the platmum hermo; 
meter L The advantage of this zig-zag arrangement is that a, > 
heat lost by the heated gas is brought back into it by the mcoiumg 
stream and none is wasted. When the steady state has been reac lad. 
the final temperature / 2 of the gas is read by the thermometer 1 r 
If m is the mass of the gas that flows through the c;donn.ede« 

per second, the heat gained by the gas i* »i. ( 2 >)• 

has been produced in the coil electrically. If / amp* ly* 
rent flowing through the coil H and k volts be the / . / • «» 
the heat generated per second is E 1/4 2 calories. 

El 

Hence ni.C 

whence C p can be calculated. 

This method possesses several distinct advantages. 

(lj The radiation losses are negligible. 

(2) Heat is produced electrically and can be measured with great 

, exactness. 
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(3) Steady temperatures can be recorded with a greater precision 
than changing ones. 

(4) The thermal capacity of the arrangement is automatically 
eliminated because when the steady state is reached, the temperatures 
at the various points of the apparatus become constant. 

(5) Since heating can be controlled, the method can be used to 
examine if the sp. heat varies with temperature. 

(6) The method is neater and much more compact than the Reg- 
nault’s arrangement. 


316. Bomb Calorimeter. 

It is an arrangement for determin- 
ing the calorific value of fuels and 
the heats of combustion of various 
substances i.e., for finding how 
many calories of heat are liberated 
when one gm. of the substance 
under test is completely burnt. 

It consists of a stout cylinder 
A, of steel, to which a strong steel 
lid can be screwed. The substance, 
if a solid, is dried, powdered and 
carefully weighed and then placed 
in the platinum crucible C, which 
i^' held in position within the bomb 
A by means of a loop of wire PR. 
If the substance under test is a 
liquid, it is soaked in pure cellulose 
1 it in the crucible. Oxy- 
i •' pressure of about 25 
a;moq In us nd thiice in weight of 
the v j ist needed lor complete 

combustion of the material is 
admit . into the i oinb tl roueh the 


and then 
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placed in a calorimeter P of known 
mown weight of water. The tempe- 


! t.!u platm.rm 
wh. h gets bm ■ 
i 1 «>mb. S- < 
t ion of the m n 
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water o mtainctl in tl • 
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11 to incandescence. This ignites the sub- 
■u l a tely in the excess of oxygen provided 
ygen is present under pressure, the 
) t actically instantaneous. 

•' ; 1 tc combustion raises the temperature of 
, , , oi; motor P. The water is very thoroughly 

M 1 an . d st f d ). I,md temperature noted. Knowing ‘the water- 
vquna.ent of tne homo, t. e heat of combustion is easily calculated- 
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To avoid loses of heat from the surface of the calorimeter P, it is 
surrounded by a constant-temperature water jacket Q, as shown. 

If the substance under test happens to be a gas, a known weight 
of the gaseous fuel is mixed with an excess of oxygen and is then 
compressed into the bomb. When the wire IT is heated, the mixture 
explodes. The crucible C is not needed in this case. 

Calorific Value of some fuels : — 


Fuel 

Cal. per gm. 

| 

Anthracite coal 

Gas coke 

Petrol 

Paraffin oil 

8,800 

6,000 

11,400 

16,200 


3.17. Calorific value of food. The quantity of food needed 
by a man depends upon his occupation. A labourer needs much more 
food than a clerk. A man can put out only as much energy as he 
takes in. Food-energy is measured in major Calorics. A major 
Calorie is the heat required to raise the temperature of 1 Kgm of 
water through 1°C. 

1 major Calorie = 1000 calorics. 

A pound of food is said to contain as much energy as it would 
yield when completely oxidized. A person who works hard physically 
needs 4000-5000 major calories of food-energy per day, a clerk 
about 3000 or less. 


Table of food- values 


Food 

Major Calorics peril). 

V « 1 

Mutton 

1 ,200 ' 

Fish 

360 

Fgg 

600 

Milk : 

300 

Butter 

3,500 

Cheese 

1,900 

1 Rico 

1,600 

Wheat flour 

1,600 

Cabbage 

120 

Onions 

200 

Potatoes 

300 

Tomatoes 

100 

Apples 

200 

Bananas 

300 

Almond 

1,600 

i Chocolate 

2.8(H) 

Cocoa 

2,200 

Sugar 

1,800 


4— 'a 6^ 


3.18. Negative Sp. Heat of Saturated Vapours. Tl.c spccilic 
heat of a saturated vapour is the amount of heat that must be 
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supplied to a unit mass of it to raise its temperature by 1°C, keeping 
it just saturated throughout the process. 

When the temperature of a mass of saturated vapour is raised, 
the vapour must te compressed in order that it may remain saturated, 
otherwise it will tend more and more towards unsaturation. During 
this process of compression work must be done on the vapour, but 
compression itself will heat up the vapour and the heat thus produced 
may be sufficient, or more than sufficient, to produce the requisite rise 
of temperature. In the latter case, heat will be given out by the 
saturated vapour as its temperature is raised, and consequently its 
sp. heat is said to be negative. Thus, saturated steam possesses a 
negative sp. heat at ordinary temperatures and therefore when it is 
allowed to expand adiabatically a partial condensation occurs. On 
the other hand, if a mass of saturated steam be compressed adiabati- 
cally, it ceases to be saturated. Although its pressure is considerably 
increased during the compression, no water is formed because the 
temperature is raised so much by the act of compression that the pres- 
sure attained is below the saturation pressure corresponding to the 
new temperature. Hence to keep the steam saturated, heat must be 
withdrawn from it when its temperature and pressure are increased. 
1 his shows tl'.at the specific heat of saturated steam is negative. 

3.19. Dulong and Petit’s Law. It states that the product of 

atomic weight and specific heat at constant volume is the same for all 
elements in the solid state and equals 6 nearly. This product is 
called Atomic Heat of the element. It is the thermal capacity of a 
grain of the substance and is proportional to the thermal capacity per 

atom, because one gram-atom of all elements contains the same 

number of atoms. 


Table o; atomic heats at ordinary temperatures. 


Ei ement 


A '-Mil- n m 1 1 j i 
A !> v 

t >(!)'• ‘ft 

< tuljnimn 
( n 

r *i*i < r 

» • i ^ • 

* »Y>! 

i .... ; 

* . . i j 

.« Kt*! 

> 7 / icon 
Nilv m 

Tin 

Zinc 


Atomic weight Sp. heat 


27 


•0 
740 
10-8 
112-4 
12 

«:*-o 

107-2 
55-S 
2« *7*2 
• <S' 7 
2S-I 
1 07 
ns 
(>■> 


o 


0-212 
0 083 
0-307 
oor.r> 

o-l GO 
0(101 
0-031 
0110 
0-300 
0-109 
0182 
0*056 
0 054 
0-92 



1 ljis r^nh can he deduced from kinetic theory which gives a 
' '7°- th . e . ato “ lc beat— a result not very differentfromfi- 

. imc atomic weight of a substance is a constant quantity, it follows 
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fact, experiment shows that they. ^ fal]i tcmpcrat urc and 

B£.tatr- 

r 1 ™ Rnrnn and Silicon whose atomic heats at oulin.ii> 
Carbon, Boron and bine ivel show a „ increase in 

5£3&&tarB&* - W 


1 

Temperature Atomic boat j 

(Degrees Absolute) 

30 

0-00 1 

88 

003 

205 

0-62 

262 

1*14 

358 

2*12 

413 

, 2-66 
m0 M 99 

1169 

5-4.) 


A somewhat satisfactory explanation -I ^ 
of elements with temperature has been .f cll " tat e s that .iw;v « 

raS„,/y /«./ in 

quanta. According to the 6 ' 

Debye's theory of sp. heats. 

(1) the atomic heat will 5 

increase with temperature [ 
and tend to the value 6. K 

(2) the atomic heat will ^ J 
decrease as the temperature ^ 

(alls and tend to zero at | 2 
absolute zero. ^ 

Near about the absolute / 
zero of temperature, the sp. 
heat of a substance is propor- 
tional to the cube of the temp- 
erature (in degrees Absolute). 

This relationship is known as 
Debye's 7‘ 3 law. 



koo 3 00 *00 

T£MP£PA ruR£ 

Fig. .1.13. 


eg- . , ... 

Variation of atomic lion t with 
tempernturo (.4 ) 

/c s i “ law. . . 

(3). The general nature of^the «J" "o curvl-s 

Janbr^eTcoSe with each other by suitably adjusting the 

u>aiAc of one of them- 
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3.20. Total Heat of Steam- Since the boiling point of a liquid 
depends upon pressure, Regnault produced steam at various tempera- 
tures by putting the boiler in communication with a pressure chamber 
and showed by actual measurements that latent heat of water dimi- 
nishes with a rise in temperature. 

The total heat of steam at t ° C is the quantity of heat that 
must be supplied to one gram of water, initially at 0 C C, in order to 
convert it into saturated vapour at t° C. The total heat is the sum of 
the heat required to warm up one gram of the water to t cal), 

and the latent heat Lt. 

or Q=t+Lu (*) 

Regnault found as a result of his experiments that 

()=606-o+-305* • 

A from (*) I<=606-5-}--305/-/=605-5--605*. 

i.e., the latent heat of vaporization decreases with rise of temperature. 
Thus at 100X 


£ 100 — 606-5— -695 X 100=537 cal. per gm. 

606 # 5 

and at a temperature t, equal to — - =872X the latent heat of 


•695 


vaporization of water would be zero. 


3.21. Spheroidal State When a little liquid is placed on a 
metallic surface heated to a sufficiently high temperature, it collects 
itself into a spheroidal drop which is separated from the metallic 
surface by a cushion of its own vapour. The size of the drop 
gradually diminishes due to evaporation from its surface as heat 
leaches the drop across the vapour by conduction. Lack of contact 
between the liquid and the plate can be shown by immersing in the 
liquid, one leiminal from an electric battery and joining the other 
tenr..i,;d 10 the plate, when it will be observed that a galvanometer 
conn. - Ud in 1 ! <• circuit registers no current. A beam of light can 
also be set t across the cushion of vapour, this also shows a lack 
v contact. \\ hen however the temperature of the plate is lowered, 
ihc Jiqiiiu hoi i - away violently. 


. ^.icro-calorimetry. In recent years a special branch of 

caioima try, t ailed Micro-calorimetry has been developed. It deals 

v.nu : .n iKjU thermal effects met with in Physics te.g. heat deve- 


(r r 


‘; j " ; ,! and artificial radio-activity), in Physical Chemistry 
u 0 V' ed py tlle adsorption of gases), in Metallurgy (e.g. heat 

U. rr w Air rn -V il • - a ! r . n C ?' / . - 




, * % ** — r — iuciauuiKy ica*'. neat/ 

' •* slow crystallization of metal alloys), and in Biology 

• ' ‘c • oived by a growing plant, by bacteria and by germi- 

'* ^. l . b ) ^ t( :* ^ nie these thermal processes are of very 

t aeration while others last for years. ' 

/uUhougn Bunsen’s Ice Calorimeter can be used to measure 
• - putnomcna of long duration, unfortunately OX of tempera- 

Hnrino ,I1UC " ° l x a tc . m P eratHre for measuring the heat produced 
during numerous chemical reactions. Real progress in this direction: 


th< 

tu. 
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„ on,, »,a< y 

rllrtrimetef- It is so arranged that tnc iu p aturc of the 

surrounding the caionmeter is equa.^ ^ ^ experiment. Vndcr 

ssksss- r ■zr^s^xsz^ 

ssk a. t=saa. - i- » — 

or at least reduced cm^erab^ const ant-temperature room. 

The whole apparatus i c above the temperature o 
It is usual to maintain the room i ^ for the purpose and 

the rest of the but S'of temperature within ± 0.001 L. 

keeping the fluctuati ' measurements, the temperature- 

In most mtcro-calortmetnc hour and are sometimes 

increases are of the order 0.1 to 05 P ^ a ro per heating of 

much lower. But ‘temperatures special thcrmoptles 

having a^ large number of thermocouples are used. 

questions 

Show that a gas ^ «" **" “ 

moUiod for determining 8p. he .ncthotl for finding the *l>- 

lieat of a^gM^at* constant volume.^ State tlio precautions and the cons,, 
tions^to he made. flow m6lllod of date, mining f, " '“‘1 

- 

tl!‘ Bomb USSLJln, Micr-alwmne^ fiv( . 

Zb i=!a^S«^uroo f the body idler • 

further mean by 

the Bunsen’s Jco Calorunet , • ‘ raI ,go,ncnt. 

What are the chief merits ,. ft |orimeter method for determining 

Describe the mota Woek ^.note^ „ f .matures . 

specific heat*. Why is it picferre ^ its tempera urn . 

8. Bocs the sp. heat of a sundan 1 non-metal at tin. 

How will you determine the sp. 

temperatairoof hrpniha^* , pf^tCan ^ J^jdsed^t°J l etcr |n n 

B pe,fie h-t-jf-hsun- ^ ^ and Poti t's Law of Atomic Heats. 


I 
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CHAPTER IV 

9 • 

VAPOUR AND VAPOUR PRESSURE 

Tho ultimate aim of science is to discover as much as is dis- 
coverable about the reality behind the phenomena. 

- deSilter. 

4.1. Vapour. The term vapour is applied to the gaseous 
condition of these substances which, like water, alcohol, etc.-, are 
liquids at ordinary temperatures. There is, however, a fundamental 
difference between gases and vapours. A vapour can be liquefied by 
a suitable compression alone, but no increase of pressure, howsoever 
great, will succeed in liquefying a gas. If, however, the gas be 
cooled below its critical temperature 1 (which is different for different 
gases), it will liquefy just like a vapour.. A gas is thus always above 
its critical temperature while a vapour is always below it. 

A vapour exerts pressure. This can be shown by introducing a 
liquid, diop by drop, into a barometer tube with the. help of a curved 
pipette. Successive drops of the liquid rise up the mercury column, 
disappear on reaching the top and at the same time depress the mer- 
cury column. A stage is ultimately reached when the last drop of liquid 
m> rely floats on the surface and no further lowering of the mercury 
column t.ikes place. The space is how said to contain saturated 
vapour. It exerts the maximum pressure for that temperature. The 
density of such vapours is also a maximum; if a barometer tube 
holding a saturated vapour be depressed in a mercury trough, a 
partial condensation of the vapour will take place. A vapour in 
coi : - i with ns own liquid in a closed space is always saturated. 

4.2, Laws of Vapour Pressure. The maximum vapour pressure 

cxeited In i liquid 

,1. depends upon temperature ; the higher the temperature the 

gie? ter the pressure. . . . 

(-■) depends up n the nature of the liquid ; the more volatile 
tl - liquid the larger is its pressure for a given temperature. ' 

C : . - independent of the volume of the space available for 

v. ; more liquid evaporates in a larger space and less in a 
: tik. . , ; ice but the maximum pressuie exerted is the same in 

L ii : .»Of C. ’* 

■ is the same whether its vapour is present alone in a given 
o i some other vapour is already present there. In the latter case 

1. 3 1 is that temperature above which a gas cannot- be liquefied by 
any increase of pressure whatsoever. 
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evaporation will be slower but the final pressure reached will be the 
same as in the former case. 

(5) The total pressure exerted by a number of vapours in a 
closed space is the sum of the partial pressures which each v apour 
would exert if it were alone present, provided 

(«) the number of vapours present is not large, and 

[b) they do not react chemically with one another. 

4.3. Unsaturated Vapour. A space contains 
vapour if more of the liquid can evaporate m it at constant tcnipei a 
ture. The density and the pressure exerted by such vapours arc - 
than those for a saturated vapour at the same temperature. 

Unsaturated vapours obey Boyle’s Law fairly well when they 

arc far removed from their points of saturation. If an unsatuiatcd 

vapour be gradually compressed at constant temperature, its volume 
wifi dccreaS nearly in accordance with Boyle s Law. till the vapour 
becomes saturated At this stage it will begin to liquefy and l the 
pressure were maintained, the whole of it would turn into the liquid 
form. Increasing the pressure any further will have no effect on it, 

because liquids are practically incompressible. 

4.4. Measurement of Vapour Pressure. (1) At Ordinary 
Temperatures. It is determined by a method 
due to Regnault. Two identical tubes A and B 
are set up side by side in a basin of mercury. 

Their upper portions project into a water 
bath with a glass front. The bath can be 
warmed up to any desired temperature with a 
burner placed below it. It can be stirred fiom 
above and its temperature recorded with a 
sensitive thermometer. The experimental 
liquid i$ introduced into A, drop by - drop, till 
no more of it vaporizes. The difference bet- 
ween the levels of mercury in the two tubes is 
the required vapour pressure. 

At higher temperatures, the mercury will 
be depressed considerably because of increase 
of pressure. A deeper water bath will be 
needed which can neither be heated nor stirred 

efficiently. 

(2) At Low Temperatures. The vapour 
pressure at low temperatures can be deter- 
mined by a method due to Gay-Lussac. The 
tube A in this case is bent round at the top 

and ends in a small round bulb C containing . . 

the experimental liquid which can be cooled down to any de sired 
temperature by surrounding it with a freezing mixture. Ihc pres- 



Fig. 4.1 

Vapour pressure at 
ordinary temperature 
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sure of the vapour depresses the column in A and this lowering relative 

to B is the vapour pressure required! 

(3) At High Temperatures. This is deter- 
mined by a method due to Regnault. Here the 
pressure on the liquid is changed by putting it 
in communication with a pressure chamber. 
The boiling point of the liquid can thus be 
changed. Instead of the temperature being the 
independent factor as in the former cases, it is 
here controlled by changes of pressure. Hence 
tne method is sometimes called the dynamical 
method. 

The experimental liquid is contained in a 
copper boiler B, whose temperature is recorded 
by mercury thermometers TT enclosed in steel 
tubes (not shown). The boiler is joined to a 
globe G placed in a constant-temperature water 
bath and filled with air. Any desired pressure 
can be produced in the apparatus by working 
the pump and the pressure thus produced 
can be measured with the monometer M. The vapours given off by 
the liquid are condensed by the water jacket C and returned to the 
boiler. This prevents any wastage of the liquid. By increasing the 
total volume of the apparatus, G absorbs the. jerks that are produced 

* «' 



Fig. 4.3 

Vapour pressure at high temperatures. 


\\> < r« the pump is worked. Moreover, it enables the pressure to be 
‘ by small amounts. The pressure in G which is the same as in 
3 is bansmitted to the manometer which measures it. 



Fig. 4.2 

Vapour pressure at 
low temperatures. 


■X 5. Density of Saturated Vapours. The densities of vapours 
. be measured by the usual methods (Victor Meyer’s or any other) 
given in junior chemistry books. The determination of the densities 
of saturated vapours, however, presents difficulties. The method 
selected should indicate the exact instant when the vapour is just 
saturated. If the temperature be slightly higher, the vapour will not 
be saturated and if it be lower, some liquid will be present along with 
the vapour. - • ' J 
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The difficulty is overcome in a method due to Fairbaim and 
Tate. The apparatus consists of two 
glass globes provided at the ends of a 
tube bent twice at right angles, as shown 
The bent tube is filled with mercury 
while the bulbs A and B contain diffe- 
rent amounts of the experimental liquid 
and its vapours only, all air 1 a\ ing been 
sucked out. Since the pressure of a satu- 
rated vafour depends on temperature only, 
it will be the same in both the bulbs The Fairbairn and Tate's 

r\t mnrriiru in A will ho cliryhtl\f ° . 



apparatus 


level of mercury in A will be slightly 
lower than that in B on account of the 
difference in the weights of the liquid in the two bulbs. 

The whole apparatus is placed in a water bath and gradually 
heated. The liquid in both the bulbs gradually evaporates but the 
vapour pressure remains the same in both of them as long as any 
liquid remains in B. Just at the moment when all the liquid in />’ 
has vaporized, a slight increase of temperature will make the vapour 
in it unsaturated and since the pressure exerted by an unsaturated 
vapour is less than that exerted by the saturated vapour at the same 
temperature, a marked difference of levels is suddenly produced. If the 
mass of the liquid in B is known, density at the temperature is at once 
found out. By enclosing different amounts of the liquid in B, the den- 
sity of the saturated vapour can be found at various temperatures. 

It has been found that near the point of saturation vapours are 
much more compressible than is demanded by Boyle's Law. Fairbairn 
and Tate found that the density of saturated steam is greater than 
that given by Boyle’s Law. ( arcful experiments by later workers 
have shown that the results obtained by Fairbairn and late are not 
quite satisfactory since condensation or absorption of vapours occurs 
on the walls of the bulbs. Thus Fairbairn and Tate determined that a 
gram of saturated steam at 100 C C and 70 cm. pressure occupies 1041 
c.c. while later workers have found it to be 1077 c.c. 


4 6. Fusion. It is the passage of a solid into its liquid state. 
Fusion occurs when due to an increase in the molecular mo* ion, the 
force binding the molecules' together, is weakened. Since this cohesive 
force is different for different substances, the temperature at which 
this force gets sufficiently weakened to make the change of state possi- 
ble will be different for different substances. In other words, each sub- 
stance has its own definite melting point. 

Pure crystalline solids have very sharp melting points. When 
such a solid is heated, a temperature is reached at which it changes 
sharply into liquid. This is the melting point of the substance and it 
has a definite value for each substance depending upon the external 
pressure. Conversely, if the liquid obtained be now cooled, solidilica- 
tion sets i.i at the same temperature, if external pressure remains the 
same. For pure crystalline substances, Melting point and Breezing point 
are identical. Impure substances, mixtures and amorphous substan- 
ces do not have sharp melting points. Fusion is always accompanied 
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by a change of volume. Some substances, like wax, expand or 
increase in volume on melting (i.e., the solid form is the denser of the 
two). In other cases like ice, the substance contracts on melting (i.e., 
the liquid form is the denser of the two). 

4.7. Effect of Pressure on melting point. The effect of a 
change of pressure on the melting point of a substance depends upon 
whether the substance expands or contracts in volume during melting. 
It is easy to see that for a substance like ice, which contracts on 
melting, increase of pressure will help the contraction to take place 
and therefore make it easier for the solid to melt i.e., melting will 
occur at a lower temperature or melting point will be lowered on an 
increase of pressure. On the other hand, for a substance like wax, 
which expands on melting, increase of pressure will hinder this ex- 
pansion from taking place, with the result that melting will take 
place with difficulty i. e., melting point will be raised on the 
application of pressure. All this can be discussed very easily with the 
help of Clapeyron’s equation (Article 12.9). 


4 8 Boiling or Ebullition. Every liquid begins to boil when it 
is heated to a certain definite temperature (which is different for diffe- 
rent substances) under a given external pressure. This temperature is 
its characteristic of a pure liquid as is the melting point for a pure solid. 
In fact, these temperatures arc used to identify substances. 

Every liquid exerts a vapour pressure which increases as the 
temperature rises. At the boiling point of a liquid, its vapour pressure 
is equal to the atmospheric pressure. Since the vapour of a liquid always 
occupies a much greater volume than the liquid, the effect of an increase 
of pu-ssure is to hinder this expansion from taking place or in other 
words r, urease of pressure always raises the boiling paint. (Article 12.9). 


4 9 Elevation of boiling point. A solution is a homogeneous 
m -store of two or more components. The component which is present 
in l."t>cr amount i> < died the solvent while the dissolved substance is 


called ii 


M 


tints. 


\\ him a nor \olatile solute is dissolved in a solvent the vapour 
pressure • f thclcvr is lowered. Van Babo found that for any given 
- M lhtion. he dec; case of vapour pressure from that of the pure 
- deem. i- a consta. t fraction of the vapour pressure of the solvent, 
lc all temperatures 1 Inis il p he the vapour pressure of the pure 
so’vtnt and p' that •<! solution. (/>—/>')//> is a constant for any given 
solution for all temperatures. Later Wullncr found that the lowering 
•f the vapour prcssuri " is proportional to the concentration of the 
solution and Raoult sh. wed that 


/>' 


n.. 


p 

where w, are the number of mols. of solvent and n 2 , those of the 

solute. 

h-ince the vapour pressure of a solution is less than that of the 
pure solvent, the vapour pressure of the solution will equal the 
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atmospheric pressure at a higher temperature. In other words, tne 
solution will boil at a temperature higher than that of the pure sol- 
vent. The determination of the'.cleyation of the boiling point enablts 
us to determine the molecular weight of the dissolved substance. 

4.10. Depression of the Freezing Point. When a non-volatile 
solute is dissolved in a solvent, the freezing point of the solution is 
lower than the freezing point of the pure solvent • Blagden has ,hown 
that the lowering of the freezing point of a solution is p P 

to the concentration of the solution, lhc comprehensix e v.ork of 
Raoult has shown that equimolecular solutions of clitferent su - 
stances of similar type lower the freezing point of a given j^'ent 
the same extent. The freezing point of the pure somit is that 
temperature at which the solvent is in equilibrium ' 
form, while the freezing point of a solution is the tempe at 
which it is in equilibrium with the pure solid solvent TJief 

temperature is higher than the later and the difference bcUuen the 
two gives the depression of the freezing point *•» I , su , v 
enables us to determine the molecular weight o 1 
stance. 

4.11. Triple Point. (D The boiling point of water depends 

upon pressure ; it is rais- 
ed when the pressure is 
.increased and vice versa. 

The relation between tem- 
perature and pressure can 
be represented by the 
curve AB which is called 
the Steam-line. The 
liquid and vapour arc in 
equilibrium only along 
the line AB ; thus if the 
pressure be increased at 
the point P (keeping 
temperature constant) all 
vapour will condense and 
only liquid will remain 

and if the pressure be , . .. , ■ 

decreased all the liquid will vaporize. Therefore, only t e q 
present at all points above AB and only the vapour below it. 

(2V Again, the melting point of ice is lowered on increase of 
pressure, i.e., ice melts below 0°C when subjected to a pressure gri 
than the atmospheric, but the melting point is raised when the 
pressure is decreased. The relationship between P r J‘ ss ’ 11< - a, ‘ < , , 

perature for ice can be represented by the line CD called t ie ct 
It is all water to the right of it and all ice to its left. 

(3) Evaporation goes on all temperatures. It is helped by a 
decrease of pressure and vice verra i.e. when the pressure on , ls . 
creased evaporation fropi its surface slows down. K e< l 
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between ice and vapour can be represented by the line EF called the 
Hoar-frost line. It is all ice above EF and all vapour below it. 

Thomson put forth the view that the three curves— the steam 
hne, the ice -line and the hoar-frost line meet at one point called the 

nu'fll At t l6 j tr ty le P° int > the- solid, liquid and gaseous slates, 
^ l ™ 1st s\ mu/ t™tously m perfect equilibrium. The triple points of 
most substances lie at pressures which are low compared with the 

normal atmospheric pressure. 

It is easy to show that the 
. three curves must meet in a 

T i point ; if they intersected as 

' \ shown in the diagram (1) then 

| \ w*tc* s the shaded portion must re- 

present only the liquid state 
since it is above AB, only the 
solid state since it is below CD 
and only the vapour state since 
it is below EF These conclusions 
contradict one another, hence 
the three curves must meet in 
a single point 0. The pres- 
sure corresponding to the 
triple point is 4.6 mm. of mer- 

. , cury while the corresponding 

temperature is about +0.0071 6 C C. Since there are various allotropic 

water lC3t 1011 S ° f 1Ce ’ * US tnpIe point is by n0 means the only one for 

Jt is clear from fig. 4.6 that if a vapour has a pressure below 
will‘‘il- : vahie and its temperature be sufficiently reduced it 
^il pass horn the reg'on A to F, i.e. the vapour will condense 
' ' *° f° ,:d> Conversely, a solid will be converted directly -into 

its v p .u: v m. sublime) when its temperature is raised, provided its 

Thu?‘ ♦° l0W that corrcs P° ndin g to its triple point, 

llui.s ,-nv Triple point temperature 114 C C and vapour pressure 90 
mm.) shows the above effects. y pressure ju 



rtAiPT#ATt/*e 

Fig. 4.6 

Triple Point (2) 


O + Ie Consider water at the Triple point 

g ' 4 ' 6 )' , Hereic< -' " at « and vapour of water exist in eaui- 
hl- r n' n, ,.r. they cannot alter with time without gain or of 

energj . Considered separately, each part— ice. water or vapour is 
Homogeneous m itself and is called a Phase'. The phases of a itZm 

pht sical bound H1 ' > ''"- "'P.«.'tcd from one anothe/by definite 
phasesln^liewatersystem. 18 ^ ^ - *h. three 

1 T*l_ _ i*. i. * * 


J. Phase literally means Terra or nppoaranceh 
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the system (water) possesses two Degrees of freedom (pressure and 
temperature). Similarly ice in the space EDC and vapour in the 
space below ECB possess two degrees of freedom each. 

Now consider the line CAB. Along this line vapour is in equili- 
brium with water. If we change the temperature to a new \alue, 

pressure will automatically adjust itself to this . n ™ 

(V vapour pressure depends upon temperature) or in the a t roaPve 
if we adiust the pressure, temperature automatically adjust , tse If. 

Both pressure and temperature cannot he adjusted ,n ^' nd " > 
each other. In other words, the system, liquid-vapour, possesses 

only one degree of freedom. 

At the triple-point 0, the system, solid-liquid- vapour, possesses 
zero degTees'of freedom. If we change either pressure or temperature 
one of the phases will disappear. 

By Degrees of Freedom 2 of a system we mean ' the number of 

variable factors, e.g., temperatuic. p ic ^ s ur svstom" 

altered without destroying the nature or equilibrium of >> . 

. By components of I. system , « fa oifly one 
componenTf'c.^wateg bccatise both ice and vapour are not chemi- 

th * s " m ,he ' numb " « { p 

(F) is always equal to the nu.ni.r 
of components (C) involved, plus luo. Ur^ ^ 2 

(t) for the system, liquid, * f Z ! 

(it) for the system liquid-vapour 2 + 1 = 

(Hi) for the system solid-liq-vap. 3 + 0 


= 1 


+ 2 
4 - 2 


be greater by two than the 
number of components. A 
system consisting of a single 
substance, e.g. water, can at the 
most have three phases. 

4 . 13 . Cooling curves provide 
an important method for study- 
ing phase changes in metals and 
alloys. Any change in state 
or constitution is accompanied 
by an energy-change which is 
shown by an evolution of heat 
during cooling or by an ab- 
sorption of heat during a tem- 
perature rise. When a body 
cools without such a change, 
the cooling curve has the form I. 


! 


& 

I 

C* 

SI 

5 

£ 



If the substance is a molten metal, 
2. The meaning of the term ‘degree of freedom’ »* d.ll. n ni in the 


kinetic theory of matter 
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regular cooling is arrested by the heat evolved, while the metal 
solidifies and cooling curve has the form II provided no super-coohng 
has taken place. However, actually the beginning of solidification^ is 
always accompanied by a super-cooling. Nuclei do not become 
sufficiently stable to serve as starting points for crystallization . until 
the melt has cooled to a temperature lower than the highest tempera- 
ture at which solidification can occur. Hence actual cooling curves 
for pure metals have the form III. 

QUESTIONS 

]. Distinguish between saturated and unsaturated vapours. How 
does n vapour differ from a gas ? 

2. State and explain the laws of maximum vapour pressure. 

3. How has the vapour pressure of liquids been determined at 
various temperatures. What is the objection in using the same method 
for all temperatures 1 Explain in detail. 

4. What difficulties are experienced in determining the density of 
saturated vapours. How have they been overcome by Fairbairn and 
Tate ? Are their results quite satisfactory ? If not, what is the 
objection ? 

5 . Write a brief note on Phase Rule. Explain clearly the meaning 
of phase, component and degree of freedom. 

What information is supplied by coofing curves in studying phase 
changes in metals and alloys. 

6. Write a short note on the Triple point of warer. 



CHAPTER V 

HYGROMETRY AND AIR-CONDITIONING 

Immerse yourself in the facts, especially the baffling facts, 

in the'hope that illumination would com o. — Charcot. 

Physics takes its start from every-dav experience which it 

continues by more subtle means. — Scnrodinger . 

5.1. Relative Humidity. ' Evaporation goes on all the time 
from water surfaces, but the amount of water vapour present in the 
air is very variable — a high temperature and good air-circulation 
promoting more rapid evaporation. Since the moisture-lifting capa- 
city of air depends upon its temperature, it is possible that a sample 
of warm air may be holding considerable moisture and may yet be 
far removed from the saturation value, while, on the other hand, a 
sample of cold air may be holding much lesser moisture and yet may 
be practically saturated. Thus if an air-sample can hold a maximum 
of 10 gms. of water-vapour at say 30°C but is actually holding 4 gms. 
it is clearly far removed from saturation and is dry. On the other 
hand, if the sample can hold at 10°C a maximum of 5 gm. of water- 
vapour, but is actually holding 3 5 gms. it is very nearly saturated 
and is damp. Hence merely a knowledge of the actual amount of 
water-vapour held by a sample of air, is not by itself sufficient to 
enable us to classify the sample as damp or dry. In fact, it is clear 
from the above illustration, that a sample holding 4 gms. of moisture 
is dry while another, holding only 3.5 gm. is damp. 

To get a correct estimate of the hygromctric state of the air, we 
must know. 

(1) The amount of moisture, w, actually present' in a given 
volume of air. 

(2) The maximum amount of moisture, M, which the same 
volume of air can hold at the same temperature. 

The ratio rn/M is called Relative humidity. It is usually ex- 
pressed as a percentage. 

Relative humidity, /i--^ X 100. •••(*) 

Air is said to be damp if h is 50 or more, otherwise it is dry. 

5.2. Hygrometers. Instruments used for measuring Relative 
humidity are called hygrometers. In the chemical hygrometer m is 
determined by passing a measured volume of atmospheric air througn 
a U-tube holding calcium chloride and determining the increase in the 
weight of the tube. Next, an equal volume of air is bubbled through 


05 


60 


PRINCIPLES OF HEAT 


water at the room temperature and then sucked through the calcium 
chloride tube. The increase in the weight of the later gives M. ‘ K 
is determined using relation (i). This is a very accurate method of 
determining relative humidity, but as weighings are difficult to make 
and take much time, dew-point hygrometers are preferred. 

In the Dew-point hygrometers, a small portion of the air, whose 
relative humidity is to be determined, is progressively cooled till at a 
certain lower temperature (called Dew-point) the amount of water- 
vapour actually present in it, is just sufficient to saturate it. The 
maximum vapour pressure at the dew-point is equal to the actual 
vapour pressure at room temperature. As the pressure exerted by a 
vapour is proportional to the mass of vapour present, 

m p 

~M = ~W 

where p is the actual and P, the maximum vapour-pressure at the 
room temperature. Hence 

Relative humidity, h= xlOO ...(«*) 

In the Regnault’s type of dew-point hygrometer, air is sucked in 

through the tube T into the test-tube A, whose 
lower part, which is made of polished-silver, holds 
ether. As the air bubbles through A, some 
ether evaporates and draws its latent heat from 
the remaining liquid, whose temperature there- 
fore, falls progressively. The cooled silver thimble 
cools the air that surrounds it. When the 
temperature corresponding to the dew-point is 
reached, the air gets just too saturated and de- 
posits its moisture on the outer silver surface. The 
temperature of A gives the dew-point. To judge 
the correct instant when dew is just deposited 
on A, a tube B similar to A is also provided for 
the sake of comparison. Observations arc made 
from a distance through a telescope. As soon as 
/I becomes damp its surface becomes dull and 
its contrast with B at once reveals it. The 
aspirator is now closed and A is allowed to warm 
up. When the dew just disappears, the thermo- 
meter .1 is again read. The mean of the two 
readings gives the dew-point, while the thermo- 
meter B indicates the room temperature. Humidity is calculated with 
the help of Tables that give maximum vapour pressures at various 
temperatures. 

This arrangement fails if air be windy for, in that case unless 
the temperature is much lower than the dew-point, no moisture will 
get deposited on A. 

5.3. Wet and Dry Bulb Thermometer. It consists of two 
mercury thermometers mounted side by side on a wooden or metal 
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plate. The bulb of one of the thermometers is covered with a pad of 
cotton gauze which can be wetted with water Evaporation occunng 
at the wet surface lowers the temperature of the bulb The drier the 
air, the greater is the cooling. The temperature of the dry bu.b and 
that of the wet when its reading has become steady, are noted and 
relative humidity calculated with the help of Tables. 

The reading of the wet bulb depends on th e velocity with whic h 
air moves past it. It has been shown ex- ato\ _ I*'* 

perimentally that if the air-velocity exceeds 
3 meters per second the reading of the wet 
bulb is independent of wind velocity. Hence 
to get reliable results a ventilated type of 
wet and dry bulb thermometer is used. Air 
is driven past the thermometers by means 
of a fan driven by clock-work. Fig. 5.2 
depicts an instrument called Assmann 
psych rometer. 

5.4. Regulation of body tempera- 
ture- To supply the energy needed for 
physical activity, the food we consume, is 
burnt, the oxygen for the purpose being 
supplied by the air we inhale. To enable 
the body to maintain its normal tempera- 
ture of about 98.4°F, the body must be 
able to lose the heat thus generated. Now 
the amount of heat generated in a body and 
therefore the amount of heat to be lost by 
it, will depend upon the kind of activity 
man is engaged in at the time. Thus 
man lying comfortably in an easy chair 
loses about 80 major calories per hour, a 
man walking leisurely about 150 major 
calories per hour, a sedantry office-clerk Fig. 5.2 

about 100 per hour, while a man sawing Aspirftt j on p8 ychromoter. 

wood loses about 300 major calories pci lost are under- 

hour. Such wide variations in the amount of heat lost areun 

standable when we consider that an active physi^ worker consumes 

a good deal of food. (1 major calonc=1000 calories). 

But how does the body lose its heat ? Heats is lost 0 
radiation from the skin, (it) by convection currents in _the 

body-temperature (98.4«F) the body wi 1 not . be able to tose 
heat bv convection and radiation, but will lose all the heat oy c 
poration^y'inCTeasing the activity of the sweat-glands, which will 


a 
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make the perspiration flow towards the skin rapidly and its rapid 
evaporation at the skin will leave the later cool. If the humidity is 
high along with a high external temperature, the perspiration will not 
dry. Conditions very detrimental to health, now prevail and if they 
persist for any length of time, sickness may result. 

5.5. Air-conditioning. We do not feel a sense of comfort and 
our efficiency is impaired if 

(/) air is too dry or too damp 

(«) air is too hot or too cold 

(«t) air is stagnant or is in violent movement 

(iv) if dust and smoke particles or foul odours are present in 
the air. 

If air is too dry it makes the skin crack. Dryness makes the 
mucous membranes of the lungs, nose and throat more susceptible to 
cold germs. Under proper hygrometric conditions people are less 
prone to catch cold. Proper ventilation makes the air we breath, 
fresh and invigorating. It is, therefore necessary, for good health 
and efficiency that the air of our dwelling-houses and places of work 
be 'conditioned’. In winter, the air must be warmed up and its 
moisture-content increased. In summer, the air must be cooled down 
and its moisture-content decreased. Again, in all seasons of the year, 
the air must be filtered to remove all its suspended impurities and 
should be properly circulated through the rooms. To add freshness 
some out-door air must always be mixed with the conditioned air. 
There must be 10 cubic feet of out-door air and 20 cubic feet of 
conditioned air circulated per minute per person. 

In winter, humidity should range from 30 to 70% and the tem- 
perature from 03' to 71 F. In summer the humidity should range 
from 40 to f>f>% depending upon the out-door temperature and should 
be lower if the outdoor temperature ; s higher. The indoor dew-point 
temperature should be maintained constant at about f>7°F whatever 
the outside temperature and the indoor temperature should range 
from GO - — 75' l v . 

5.6. IIow Buildings are Air-conditioned. (1) In Winter. 

Air is drawn in by a blower through a duct covered by a line gauzc- 
lilter, over heated furnace-surfaces and circulation is caused by the 
warmed-up air rising from the furnace to the room and cooler and 
heavier room air falling back to the furnace. By means of water- 
sprays air is humidified in tlic ducts. Arrangements are also made 
in the duct for drawing in quantities of fresh outside air. 

(2) In Summer. Air is drawn in as usual through a gauze- 
covered duct but it is cooled by placing coils in the main duct and 
connecting them to a refrigerating machine. The air is de-humidified, 
1>\ 1 educing the temperature of air to below the dew-point tempera- 
ture, when it unloads its moisture. This is the best method of de- 
humidiliration. 1 wo other methods are (i) by using a suitable 
drying agent say ammonia or sulphuric acid which absorbs moisture, 
(**") b Y adsorbing the moisture. The moisture clings to the surface 
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portions any desired ^humidity can be obtained. This air rs now 
circulated in the room by means of a blower. 

and* 1 a drain-pipe It Ilso contains a humidifier which must be 
connected to a water-supply line and a dram. 

A fan draws the air into the self-contained air-conditioner 

conditioned before it is circulated. 

>• a a • Plant It consists of a steel cylinder 5 

ammonia' moves into the compression coils C «here >t .s cooled i m a 

%rsSssf«« 

! st%S5Ss-^f 

SSSSES- 

placed in the tank B when the water in them gets frozen to ice. 

1 The same plant may be used as a refrigerating machine fm air- 
.... • t(.„ *. in u jj is dispensed with and the coil t circulates 

also i.e. for preserving perishable articles. 




Fig. 5.3 

Ammonia-Ice-Machine 

The substance chosen in a particular arrangement depends upon the 
use to which the refrigerator is to be put. Carbon-dioxide requires a 
very high pressure, but the size of the plant is small, hence it is used 
on board ships. Nowadays Freon (CC1 2 F 2 ) is also being used 
especially for small refrigerators. In the small refrigerators tne com- 
pressed gas is cooled by means of a fan provided for the purpose. 

5.9. Electrolux Refrigerator. In the ammonia-ice machine the 
liquid ammonia is evaporated by , _ 

mechanical means (the outward 
movement of the piston creates **ot*r>*c § § 
a low pressure in the expansion 


./'rJKJi, 


3 


$7 XOSC 
y//j soci/r^r- 


-v // 3 

SOlu 

T/Ov 


J'*Ck£T 


: * 

- Si - 

O 

■* 


L-XJ 


coils, and this promotes evapo- "Hscas 

ration). In the Electrolux, on x iU 

the otner hand, hvdrogen gas is f { F^ st#o*c 4-Cy ~ 

mixed with the ammonia, which ,f4 ■ S z_q j f 7 ' 

reduces the partial pressure of T; ’ $ 

ammonia below its saturation j | 

value and a rapid evaporation f] U ! ? 

of ammonia liquid is thus f H i r i | 

favoured. The steel cylinder D !■■ 1 

containing a strong solution of / ] ?£%/=: tL L ---j F~ 

ammonia is heated centrally I '^7 

either with an electrical heater | n If 

C or with gas or oil. The dis- -> Jj 

solved ammonia is liberated in < W^^i lmay 

\crv large quantities, develop- '11* 

jug a high pressure, and rises up (J 

m A - It is cooled by the radi- Fig- 5 4 

a tor 1 ms and any water-vapour Electrolux Refrigerator 

earned along by it is condensed and returned to /) At r fu 

ed ammonia i s liquefied by the conTnl^d theb^Sa 


: — i 


CVi 


STQOSO M/fj SOit/T/Ort 


Fig- 5.4 

Electrolux Refrigerator 
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flows towards the evaporator, in which hydrogen gas has a partial 
va noi ir-oressure of nine atmospheres. The apparatus is strong 
enough to withstand a total pressure of twelve atmospheres. tw 
thr nr tied Pressure of ammonia in the evaporator small, the hq 1 
a at one e^porates, abstracting its latent heat from fte 

Si rf. m. -m. »• SI'S 

lation of the liquid and gas is automatic. The apparatus u> 
very silent in working. 

QUESTIONS 

1 What factors determine the hygrometric state of air. Describe 

mts 

summer. sketch, the working of the ammonia .ce 

machine ’For what other purposes may the mach.ne be used ? 

(h) What properties should a refrigerating liquid possess . 

(t It should have a large latent heat of evaporation. 

- - — 

4 ExptTgTvTngi sketch, the working of an Electrolux refrigerator. 
6. How is the human body able to regulate its temperature. 


CHAPTER VI 

MECHANICAL EQUIVALENT OF HEAT 

The purpose of any physical theory is to explain as wide a 
range of phenomena as possible.— Einstein. 

The pathway of science is littered with discarded ideas- 
ideas, which had to be worked out and tested, before the 
true could be known from the false. — Cowling. 

6.1. Conservation of Energy. It is a well-known fact that 
heat can be produced by the expenditure of work. A gas can be 
warmed up by a sudden compression, a liquid can be heated by 
churning it or by forcing it through capillary tubes, a solid can be 
heated by hammering it or by rubbing one solid with another. The 
! ast method was, in fact, adopted by the primitive man to obtain 
lire. I he reverse process is equally common. The sun’s heat pro- 
duces winds in the atmosphere which can be made to do mechanical 
\noi .. 1 le combustion of fuel in a heat-engine produces mechanical 

work. Even the early experiments of Hero had shown that motion 
may result from a heat transfer. It was the quantitative form given 
to these qualitative observations that led to the formulation of the Law 
of Conservation ot Energy. 

The first man to find out an exact equivalence between the work 
clone and the heat generated in the act of doing the work, was Joule. 
lit showed that energy which disappears in overcoming friction etc. 

always re-appears as heat and is not lost, although 'it is rendered 

JhfS^ T* 1 1 Ut ' 1 y p °i nt 0f y iew - This brin 8 s into prominence 

the - a( ‘ Jut - >!cr Sy "My change form, but is not destroyed. 

. . ? f > tp V! , g an amount of heat dQ to a system, a work dW is 

obtained, then M ** 

dQ=dU+dW ^ 

resents the change in the Internal Energy 0 f the system. 

• mains within the body and may have been used up in 
i ;ange of temperature, or a change of state or in bring- 
■ 2 1,1 the molecular spacing which occurs during 
• ; . c energy thus used up is called Internal Energy The 

inU i. oiei gy of a system depends upon its temperature mass 
n,). . o, physical state, etc., and a change in any one or morn nf S 

qiian!,t ' is im P hcs that a cha "^ internal energy has taken p°Le 

he, nation (/) is the mathematical form of the Law of Conserve- 
tion of Energy. The law states that ‘in aiiv /.n, 1 / v ' OI *« va 
iuai and molecular motion tor in any tuo tvb-s 1 s/owatton of 

of one form of energy winch dsaTbJrs ^ ? e amoUnt 

amount of the other fonn which iscreaUtl.' ^ ^ lVaIent to the 
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For Joule the conservation law was not a mere speculation. It 
represents an inductive inference justified by a wealth of accurate 
data derived from a variety of accurate experiments, skilfully devised 
and patiently executed. He determined the work necessary to 
generate a unit amount of heat. In this venture, he was not satis- 
fied by a single determination or even by a single series of experi- 
ments. He' tried to produce heat in various ways and used various 
calorimetric substances. Not only this ; he also showed that when 
heat is produced by an expenditure of electrical energy, the same 
amount of work must still be done to produce a unit quantity 


of heat. 

The older physicists recognized three separate conservation laws for 
any isolated system — the laws of Conservation of Mass, Energy and 
Momentum. Einstein has introduced a new generalization by postu- 
lating the equivalence of mass and energy. According to Einstein, 
“Every kind of energy, of any form whatever, represents a mass which 
is equivalent to this same energy divided by c l , where c is the velocity of 
light “ and further that, “every quantity of energy in motion represents 
momentum''. Mathematically expressed, 


m = 



> 


where m is the mass corresponding to an energy E. One gram of 
mass is equivalent to Ox 10 20 units of energy (in ergs). 


6.2. Nature of Heat. According to Gassendi and other calorists, 
heat was a subtle, elastic, weightless, self-repellent fluid called caloric 
whose particles insinuated themselves into the interstices of matter 
and were held there by the attraction of the later. Io explain differ- 
ences in specific heats, it was postulated that caloric particles were 
attracted to the atoms of a substance with a force which varied with 
the heat capacity of the material. The particles of caloric were 
supposed to be in constant motion and repelling each other ; this 
explained heat-flow. During a compression or rubbing, some of the 
caloric oozed out, producing a rise of temperature. The entry of 
caloric into a body resulted in a greater internal repulsion producing 
an increase in the size of the body. The temperature of the body did 
not rise during a change of state because the caloric formed a chemical 
compound with the substance. Solar radiation was simply a stream 
of caloric particles. Since the calorists were familiar with the fact 
that during a heat-transfer, the gain of heat always balances the loss, 
they postulated that it was impossible to create or to destroy caloric. 
The heat fluid had thus a great adaptability and any additional pro- 
perty could be given to it to meet any new situation ! 

In 1798, Rumford, an ordnance engineer at Munich, was surprised 
by the great evolution of heat, as the borer, turned round and round 
by the horses, worked its way into metal blocks in the act of boring 
cannon. The supply of heat seemed inexhaustible and given suffi- 
cient time any amount of heat could thus be produced. He argued 
that the production of heat was in some way connected with thy ; 
movement of horses — the more they worked, the larger was the - heat , 
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produced. Rumford remarked, ‘‘Anything which any insulated body, 

or system of bodies can continue to furnish without limitation, can- 
not possibly be a material substance, and it appears to me to be 
extremely difficult, if not quite impossible, to form any distinct idea 
of anything, capable of being excited and communicated in the 
manner the heat is excited or communicated, except it be MO 1 1UJN . 

It is thus clear that the fluid theory cannot explain the production 
of heat by Friction. Rumford’s work created doubts in the minds of 

the scientific world about the true nature of heat and the scientists 

were set thinking furiously. It may not be beside the point to remark 
that much earlier, in the seventeenth century Bacon, Boyle, Newton 
Hobbs and others had also put in the suggestion that the essence ot 
heat was in some way to be found in Motion. But motion of what . 
The idea was never developed and the caloric theory reigned supreme 

for over a century. 


Later Davy obtained water by fastening two blocks of ice to a 
wooden rod each, and rubbing the blocks with each other in a closed 
space. The later precaution was taken to prevent the flow of heat 
to or from ice. Since each gram of water contains 80 calories of heat 
more than a gram of ice, heat has been created in this case, lhis 
gave a death-blow to the caloric theory. 

6.3. Modern theory of Heat. According to Kinetic Theory, 

matter consists of molecules which are in incessant motion. Un 
account of their close packing in solids, the molecules, though moving 
quite fast, generally cannot get away from their mean positions but 
merely oscillate about them. In liquids the binding forces are com- 
paratively weaker and a molecule is free to move from one point in 
the liquid to another. In the case of gases the forces binding the 
molecules are negligible and a molecule can wander as it likes, though 
it very frequently comes into collision with its neighbours. 

Heat, according to the present ideas, is nothing but the kinetic 
energy of the molecules of a substance. When heat enters a body, 
it increases the rate of molecular motion, i.e., the to and fro movement 
of the molecules becomes more violent and tends to push 
the molecules apart— this explains why ' a body expands on 
heatine. The increase in moleculer movement also produces a nse m 
the temperature of the body. On the other hand, when heat is 
abstracted from a body, the molecular movement slows down, the 
body contracts in size and its temperature falls. 

When one end of a solid is heated, the rapidly moving mole- 
cules at the hot end share their kinetic energy with their slower- 
nic\ ing neighbours by collisions and a flow of heat thus takes place 
in the direction of fall of temperature. During a change of state 
the heat supplied is used up in loosening the bonds between molecules 
and hence becomes latent (i.e. hidden) and does not produce a rise in 
the temperature of the body. Solar heat comes to the earth by 
Radiation — the rapidly oscillating molecules of the sun produce waves 
in the Ether (which is supposed to fill all space) and these waves 
carry the energy to the earth. When bodies on the earth absorb this- 
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energy , their molecular kinetic energy increases and they show a 
rise in their temperatures. 

The Modern theory of Heat is extremely simple, makes no ad hoc 
assumptions and is capable of explaining the diverse thermal pheno- 
mena. Its greatest merit lies in its simplicity. 

6.4. Mechanical Equivalent of Heat. As a result of the classi- 
cal experiments performed by him over a number of \ ears, Joule 
stated that there is an exact equivalence between the amount of work 
over-come and the heat generated. He said that no matter how work 
is done, if it be wholly spent in the production of heat, the same amount 
of work will always be necessary to produce a unit amount of heat. No 
special method is indicated for doing the work. It may be spent in 
churning liquids, in hammering, in compressing a gas or may even be 
done electrically but always with the same result. In each case 
4‘2x 10 7 ergs of work produce one calorie of heat. I his is called the 
Mechanical Equivalent of Heat and is denoted by J. 

6.5. Joule’s experiment. To determine the amount of work 
necessary to produce one calorie of heat, Joule took a copper calori- 
meter Having a number of copper vanes soldered to its sides. A 
spindle having similar vanes attached to it was placed centrally in 
the calorimeter. The 
calorimeter was placed in 
a thick wooden case to 
protect it from heat losses. 

The spindle carried a 
wooden cylinder R at its 
top. On fixing the pin P, 
the cylinder could be 
joined to the spindle but 
if the pin was removed 
the cylinder could rotate 
freely without rotating 
the spindle. A string 
carrying a weight M at 
one end was wrapped 
round the cylinder by 
turning the handle L, so 
that M stood near the 
pulley E. The calorimeter 


E 





Fig. 0.1. 

Joule’s experiment. 


contained a known weight oi water whose temperature was given by 
the sensitive thermometer T. l ire pm was fixed and the weight was 
allowed to fall. As the spindle rotated the water was churned but 
the movement of water was arrested by the fixed vanes. When M 
had reached the bottom, L> was removed the thrrad was re-wound on 
’ *He cylinder the pin was replaced and the weight allowed to full 

This was repeated a number of times and the resultant tem- 

T^Hfcfcof the water noted. 

If h be the height through which the weight falls n times, work 
done by the weight =».«£/. ergs. If ». be the mass of water, w the 






76 


PRINCIPLES OF HEAT 


water — equivalent of the calorimeter and 0 the 
the heat produced = (tn+w)0 calories. 

W n.Msh 


rise 


^=/T = taOT ergs ' cal 


of temperature, 


Joule repeated his experiments using various liquids in the calorimeter 
and also by changing the material of the calorimeters. His deter- 
minations gave J =-4-2 x 10 7 ergs/cal. 

The result is surprisingly correct although the rise of temperature 
was hardly half a degree per hour and although his thermometers 
had not been compared with any standard thermometer. To meet 
these objections the experiment was repeated by Rowland and others, 
with more refined and better apparatus. 


6 6. In the words of Maxwell, Joule’s law states that ‘when work 
is transformed into heat or heat into work, the quantity of work is 
mechanically equivalent to the quantity of heat." This law is called the 
First Law of Thermodynamics ; Thermodynamics is the science 
that deals with the conversion of mechanical work into heat and vice 
versa. It attempts at establishing an equivalence between the work 
done and the heat produced or to put it tersely ‘Thermo-dynamics is 
the study of energy relationships and the direction in which the 
change occurs.' 

Since work can be produced only by the expenditure of energy, 
in whatever form it may be, it follows directly from it that it is 
impossible to make a perpetual-motion-machine, i.e., a device to 
obtain useful work continually without drawing on any energy-source. 
This fact was recognized by Newton, Stevinus and Leibnitz so far as 
its application to purely mechanical engines was concerned, but the 
discoveries of the nineteenth century showed that the principle 
applied to engines of all kinds. 


/ 


0 


\ \ 

\ 


/' 


Work done by a couple. Let the axis of rotation of a 

body acted upon by a couple pass through 
\ 0 and let a couple FF act perpendicularly 

\ * at the ends of a diameter PQ. 

. Let the body rotate through an angle 

]i » dd. The points P and Q will move through 

0 ■ a distance =OP.dO. The work done by 

each force F is F x (OP.dO) and by the 
two together is 2 x F x (OP.dO) 

the work done by the couple in 
rotating the body through an angle 0 is 
6 



Fig. 6.2 

Work done by a couple. 


U’— J 2F. 


OP.dO 


0 


— 2F.OP.0 

= moment of couple x angle of rota- 
tion or twist 

[V F.'20P= moment of couple] 



m 


M 



Fig. 6.3. 

Rowland’s apparatus for J. 
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If the body makes n complete rotations, the angle 6=2ir.n. 

6.8. Rowland’s Experiments. His apparatus consists essentially 

of a calorimeter having a set of 
vanes fixed to its sides and con- 
taining a weighed amount of 
water. A spindle with radiai 
vanes projects into the calori- 
meter fr'in below and can be 
rotated rapidly by means of a 
steam-engine whose shaft is at- 
tached to the spindle by means 
of a belt, as shown. The calori- 
meter is firmly attached to a 
stout metal rod AB (to which a 
wheel \V is secured) and suspend- 
ed by a strong torsion wire. A 
silk cord is wrapped round the 
the wheel W and carries equal 
weights M, M, at its ends. The 
weights exert a couple tending to 
rotate the wheel and, therefore, 
the calorimeter also. 

The temperature of the water is recorded with a thermometer 
which has been compared with a standard hydrogen thermometer 
and the spindle is set rotating. The radial vanes set the water in 
motion wnich tends to rotate the calorimeter. 1 he weignts MM are 
so adjusted that they exert an equal and opposite couple on the 
calorimeter, which therefore remains in equilibrium. The fi iction 
between the rotating vanes and the water warms it up. Rowland 
obtained a rise of 35°C per hour in his experiments. 1 he rotations 
of the spindle are automatically recorded by counters attached to it. 

If be the weight of water and », the water-equivalent of the 
calorimeter and /. and the initial and final tempera hires, the heat 
produced is K+ie 2 )(/ 2 -/,) calories. 1 he moment of the couple due 
to the weights M , A/=either force X perpendicular distance between 
the two forces=A/g d where d is the diameter of t »c wheel 11 . 11 k 

work done by the spindle (whose moment is equal and opposite t 
that of MM) in n rotations is equal to, couple X angle of twist i t., 

Mgd.x2ntt.crgs. 

Work done __ 2ww.M gd 

^^Heat produced 

The radiation correction lis calculated by allowing the calori- 
meter to cool with the paddles rotating slowly, just to keep the wa er 

stirred. 

Rowland obtained the following values for J at various tempera- 
tures 
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His value for J is 4181 XlO 7 ergs per calorie at 20 C C. The 
value of J was found by him to change slowly with temperature. 
This implies that the specific heal of water is not constant but 
changes with temperature. As already stated, the calorie is defined 
as the amount of heat necessary to raise the temperature of one 
gram of water from 14.5°C to 15.5 C. The mean calorie is j&o of 
the heat required to raise one gm. of water from 0°C to 100°C. 

6.9. Electric Method for J. This is due to Callender and 
Barnes. A slow stream of water flowing steadily through the narrow 
glass tube T is heated by an electric current (obtained from a 
standard cell) flowing through a thin wire of platinum placed 
centrally across it. The wire is secured at its ends to two thick 
copper tubes and platinum resistance thermometers T x and T 2 are 



Fig. G.4 

Continuous flow method for J. 


placed in these tubes which being good conductors at once communi- 
cate the temperature of the surrounding water to the enclosed 
thermometers. Moreover, since they have only a negligible resis- 
tance, they prevent the generation of any heat by the current in the 
immediate neighbourhood of the thermometer bulbs. The central 
glalss tube is sealed into an outer glass jacket and the space between 
the two is exhausted to reduce heat losses to a minimum. The 
whole apparatus is immersed in a cons taut -temperature water-bath. 

When the steady state has been reached both the thermometers 
are read. They give the initial and final temperatures, t x and t 2 , of 
water. The amount of water ilf flowing out in a certain time, t 
seconds, (as measured by an electric clock) is accurately weighed. 
The P D. (E) at the ends of the wire and the current (/) flowing 
through it are measured by a sensitive voltmeter and ammeter res- 
pectively, which are joined to the copper tubes, as shown. 


i i 

Ergs needed to heat 1 

Temperature 

gin. of water through 
1°C 

10°C 

4-129x10? 

15°C 

4*187X10? 

20°C 

4-181x10? 

25°C 

4-176x10? 

30°C 

4-174x10? 
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The heat gained by the water is M(L-t d calories and if H be 
the heat lost by radiation in the same time the total heat generated 
is [M(L— ty) + H] calories. This is equivalent to {M(U—t l )+H]xJ 
ergs. 'The energy of the current consumed is Eli watts =E.Lt 
X 10 (i) * * * * * 7 ergs (1 watt = 1 Joule/ sec. = 10 7 eigs/sec.) 

Hence [M(/ 2 -M+//] Xj=E.I.t. X 10 7 ergs. 

To eliminate the radiation'error H, the experiment is repeated after 
changing the rate of llow of water. It is. however, so arranged that 
the initial, and final temperatures are the same as before. Since the rate 
of cooling is proportional to the excess of temperature of a body over 
its surroundings, the radiation error will be the same in both the cases. 
If M v £i and I x are the values of M, E and / in the second case. 

[M x (L-t l ) + H\J=E l .I l Xx\V ergs 

By subtraction H is eliminated and / can be found out. The 
value they obtained was / =4 1 845 x 10 7 ergs at 15 C. I his method 
possesses all the advantages of continuous flow calorimetry viz., 

([) The radiation losses are negligible. 

(2) Heat is produced electrically and can be measured with 
great exactness. 

(3 1 Temperatures being steady can be recorded with a greater 
precision. 

(4) The thermal capacity of the apparatus is eliminated when 
the steady state is reached. 

(5) The apparatus is very compact and the method of working 
is very neat. 

The most accurate value of J determined by Jaeger and 
Steinwehr in 1921 is /=-4186x 10’ ergs at 15°C. They used a much 
larger quantity of water which was very efficiently stirred and they 
made use of a small rise of temperature (1 4°C) in order that Newton s 
Law of Cooling may be strictly applicable. . 

Example. In an experiment by continuous flow method, when the 
rate of flow of water was 11 gm. per minute, the heating c J ,rrent ~ 
amberes and P. D. between the ends of wire one volt, (he rise of temper- 
ature of water was 25°C. On increasing the rate of flow to 25 4 gm. 
■ber minute, the heating current to 3 amperes and 1 .D. to 1 a I volts, the 

of temperature w as stitl 2TC. Calculate t„e 


(i) Case. Heat generated = 

Electric power consumed = 
(it) Case. Heat generated = 

Electric power consumed = 
From (») : [11 x2T)-\~H]J - 

From (H) • [254 x'2 5-\- I1]J = 

By subtraction : 14 , 4x2 , 5/ = 

J=- 


[11 x 2 5-1-// 17 ergs/min. 

1 X 2 X 60 X 10 7 ergs/min. 
[25-4x2-5 +H] ergs/min. 

1 51x3x60xl0 7 ergs/min. 
1 x2 x<)0 x 10 7 
1-51 X 3X60 XlO 7 
253 X 60 X 10 7 

ira >< 107 


?=4-217 X 10 7 ergs per calorie' 
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6.10. Variation of Sp. Heat of Water with Temperature. 

It has already been stated that tne value of J as determined by 
Rowland slowly changed with the initial temperature of water and 
that he was led to the conclusion that the specific heat of water was 
not the same at all temperature?. The set-up of his apparatus was, 
however, not suitable for the direct measurement of this variation of 
specific heat with temperature. 

The apparatus of Callender and Barnes is very well-adapted for 
this determination. Water is made to flow through the apparatus at 
a constant rate but its initial temperature is changed in the various 
determinations. Thus the initial temperatures may be 10°, 20°, 30° 
etc., Electrical energy is supplied at the same constant rate in all the 
determinations. It is merely necessary to see that the readings of the 
ammeter and the voltmeter remain unchanged throughout the 
experiment. Then the rise of temperature will he inversely propor- 
tional to the specific heats at the two temperatures. Thus suppose that 
with 10°C as initial temperature, the rise in temperature of water is 
8°C and at 20 C it is 8 5' C. Then clearly, a gram of water at 10°C 
requires more heat for a rise of temperature of 1°C than a gram of 
water at 20 C and the two quantities are in the ratio 8-5 : 8. It is 
found that water possesses the minimum specific heat at 37°C. The 
values of the sp. heat at a few temperatures are : 


Temperature 

Sp. of Heat 

10’C 

1-0019 

15 C C 

1 -0<XK) 

2 <rc 

0-9988 

30 C 

0-9976 

3o°C 

0-9973 

10 C 

0-9973 

r>o°C 

0-9978 

70°C 

1-0000 


i 

Th'- curve depicting the variation in the specific heat of water 
with torm -era lure is shown below. 



kmpera ruR€ 

Fig. C.5 

Curve showing clmngo of sp. heat of water with temperature 
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... , . m c n Hcats of a Gas. The sp. heat of a gas at 

° f a The heat required to heat up one gm. of a gas at constant pres- 
in volume, the external work done is p.dv- 


• • 


\.c,.iT=\.cjr+ £j v 


... (0 


expressing p.dv in heat units. 

Also, since a gas obeys Boyle’s law 

pv=rT 

p.dv=rdT, since p is constant. 

Putting this value of p.dv in (*) we have 

rdT 

CpdT =C v .dT. + , ' 


or 


or 


or 


C P =C„4- , 


Cp-C, 


r 

J 


• • • 


» • • 


(*'*') 


Knowing C„ C v and r, J is at once found out. 

If p.dv is being measured in heat units, J is omitted and ( ) 

written in the form 


C 0 —C c —r 


• • • 


« • • 


• • • 


(m) 


If C v and Cv are the sp.’heats per gram-molecule of the gas (and not 
per gm of the gas as above) , (...) is written m the form 

Cp—C,=K W 

r l 1 Calculate sb. heat at constant volume for air given 

E xam ple l- ~ P . . , > . i oy. UP crus and density 

that its sp. heat at constant pressure is 0 2<i.J —4.2 X b 

of air —13 gtn. [litre at N.T.P. 

Since sp. heat per gm.-mol. is not given, use (tit) 

Cp C 9 = 


or 


C P =Cp— 


J 

r 

J 


• • • 


( 1 ) 


To calculate r, use the relation fiv=rT, where v is the volume of 
one gm. of air. 

... (70 X 13 0x981) X-^-=- — r.273-2 


or 


r=- 


1-3 

76x13-6x981x1000 
1-3x273-2 


=•28 X 10 7 


( 2 ) 
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c i.- • ^ oo '28 X 10 7 

Substituting in (1) C„=-23- 

= •23— -07 
= 16. 

Example 2. Calculate the sf. heat at constant volume for hydrogen 
given that its sf. heat at constant pressure is 6-85 calories per grn. 
mol. Density of hydrogen at N.T.P. = ‘0899 gm. I litre and J=4'19xl0 7 
ergs. /calorie. 

^ p — j • 

c.=c p -j- =6 85- A ...(») 

To get R, we have pv=R.T where v is the gram-molecular 
volume i.e., the volume occupied by 2-016 gm. of hydrogen. 


(76 x 13 6x981) x(i^-x2-016)=/?x 273 2 


From (i) 


R= 831 X 10 7 ergs. 

C t =6-85- 8 31X107 

419X10 7 

=6-85—1-986 

=4 864 cal. per gm. mol. 


6. 12 Laboratory Method for J. 





Water contained in a jacketed 
calorimeter is heated by a low- 
resistance heating coil through 
which a current of about 2 
ampers at 8—10 volts is passed 
for 10 minutes so that a rise 
of about 8°C is produced, the 
rise of temperature being noted 
after thorough stirring. The 
current is now switched off and 
the calorimeter and its contents 
are allowed to cool for ten 
minutes. Half the drop in 
temperature is added to the 
final temperature to allow for 
radiation losses. 


When working with 
direct currents, the current is 
reduced to a suitable value 
with a rheostat [fig (/’).] 
When working with A.C. the 
current is lowered in voltage 
by using a step-down trans- 
former, whose primary coil P 
is joined to the supply while 
the points A' x and \\ of the 
secondary are joined to X 



(ii) 

Laboratory method for J, 
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and Y in [fig (*)] and A.C. v °l tmeter and amrneter are llsed * or 
measurements of P. D. and current. 

The heat gained by the water and calorimeter is 

H=( M+w) (0.-00 calories 

and the work done electrically is W=E.I.tx 10 7 ergs, whence 

W E.I.tx 10 7 
~~ (m+w)($ t — Oi) ' 

where the symbols have their usual meaning. 

Example :—A current of 2 amperes at 10 volts is passed thr0H & h « 
calorimeter of water-equivalent 5 gm. containing 400 gm of water for 
9 minutes and a rise of temperature of 0 C is observed. U hen tie 
calorimeter is now allowed to cool for 9 minutes the temperature falls by 

0-5°C. Determine J. 

05 

Corrected rise of temperature of water«6-j— 2-»6*25°C. 

Heat gained by water =(400+5) x6*25 cal. , 

Heat produced electrically = 10x2x(9x 60) X 10 7 ergs. 

10 X 2 x 9 x 60xl0 7 
*'• d- 405x6*25 
=4*27 X 10 7 erg/cal. 

6.13. Jaegarand Steinwehr’s method (1921). These workers 
used a thin calorimeter (weight 0*45 kgm.) so that it thermal capacity 
was insignificant as compared with that of 50 kgm. of wa er c > 
in it, and therefore it was not necessary to determine the former with 
any great accuracy. A large quantity of water was taken to reauce 
loss of heat by radiation (because increase in surface-area is 1 \ 

tionately much smaller than any increase in volume). a c , 

heated electrically by passing a weak current (whose ^perage a na 

voltage was determined very accurately) though a , 

heating coil C and the rise of temperature which was on v A 

that Newton’s law of cooling may be strictly applicable w ‘ 



Fig 0.7 

Jaogor and Stoinwohr’s method for J. 

mining radiation losses) was measured by a Platinum resistance 
thermometer T. Tlie calorimeter was placed with its axis horizontal 
in a double-walled jacket through which water at practically the s^ne 
temperature as that in the calorimeter, was circulated. The water was 
Stirred efficiently with the electric stirrers S v S 2 mounted on a hori- 
zontal shaft which had its parts P v P 2 made of vulcanite to prevent 
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conduction of heat to the outside along the shaft. J was calculated in 
the usual manner. Their determination gives 

J = 4T86 x 10 7 ergs/calorie. 

6. 14. Zero-th law of Thermodynamics. There are four laws of 
thermodynamics. The first law has been discussed in this chapter. 
The second law is dealt with in chapter XII. The third law is also 
briefly referred to in the same chapter. 

The zero-th law states that, ‘Two bodies or systems in thermal 
equilibrium with a third are in thermal equilibrium with each other”. 

It follows from this that an isolated system tends, with time, 
towards an equilibrium condition with a constant temperature 
throughout. By an isolated system we mean a system, that does not 
receive energy from or transmit energy to other bodies or systems. 
Such a system cannot be realized in practice because no system can 
be perfectly shielded from gaining or losing any heat whatsoever. We 
can, however, approximate very closely to such an ideal system. 

If two liquids A and B, at different temperatures, are mixed in a 
calorimeter (which has been thermally insulated, as much as possible, 
from its surroundings) and if a thermometer be placed in the calori- 
meter, we can consider A , B, calorimeter and thermometer as an 
isolated system. Given time, the four will reach a state in which all 
of them have a common temperature and arc in thermal equilibrium. 
Any pair, out of the four, will also be in thermal equilibrium ; which 
is the zero-th law. 


QUESTIONS 


J. (d o t ho Rowland's method for determining J. What are jfcs 

merits over Joule’s arrangement ? 

2. Vv lint is mechanical equivalent of heat? Explain with a clear 
.shett ’i CaUt- iidc.r and Baines’ method for determining ./. What are the 
ctueJ merit of continuous flow calorimetry ? 

Obtain an expression for the difference between the two principal 
sp. h* .’t ; o' a gas in terms of other measurable quantities. 

•!. ' djulate C„ for air, given Cj> = *23, Density of air at 27°C, and 
st “i lard p.'.\-suro = lT8 gm. per litre, J=4*2x 10 7 ergs. 

ITIiut. i '=(273+27).] 


• dculate the difference between the two principal sp. heats of 
h;*di ... •■. given that 1 gm. of hydrogen occupies 11*2 litres at N.T.P. and 
.1 =...; 2/, la- ergs./ealorie. ‘ [Ana, *99 cal.] 

C. Calculate./ from the following data. 

! .i ’ho continuous (low method, when the rate of flow of water was 30 
gm./min. current two amperes and P. D. 3 volts, the rise of temperature 
wax 2-7 C When the flow was increased to 48 gm., current to 2*5 amp. 
and P. D. to 3 75 volts., the rise of temperature was still 2*7°C. 

. [T«s. 4*165 x 10 7 ergs.] 

7. Water oozes out from a porous pot, the pressure inside being 20 
atmospheres more than that outside. If the temperature of water inside 
be 10°C what will it bo on coming out ? .1 =4*2xl0 7 ergs./cal. Atmospheric 
pressure = 1*05 x 10° dynes/sq. cm. 

[Suppose in gvns. of water ooze out of one sq. cm. area of surface, m 
gm. occupy m c.e. Sineo area of surface = 1 sq. cm., the length of the 

ofmeru ° f WOter com,ng ou, “ ,,, cm * *•<*•» water moves through a distance 
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Work done by the difference of pressure is 

( 76 x 13 (5 x 981 ) x 20X m ergs 

• Equivalent amount of heat lost 

(1-05x10°) x20xm calories 
= 4*2x10’ 

=0*5 m calories. 

If fall of temperature be t°C 

mx t=0'bm or t=0 5 C. 

* * Wha^do^rou understondThy^the lnternal energy of a system. 

Write a note on the principle of £*» * therein what 

J it account for 

the P~r y Wh^t are the chief merits of this 

the °Tl. State the First law of Thermodynamic Oh" » -count of 
^'IVhpr^rnte—raUon anyhow were they corrected by 

^ Does the specific heat of water change with temperature. How 

«“ t De^rTbeTl'pt laboratory method for determining J and give 

‘ he n rS"°m n e 9 ;hod of Jaeger and Steinwehr for determining J. 
Whatsis the chief merit of then delermmaUon. 



# 


CHAPTER VII 


KINETIC THEORY OF GASES 

Matter can be compared to a large flock of sheep on a hill- 
side, which from a distance appears as a stationary white 
patch even though the individual sheep are moving and the 
lambs are skipping.— Lucretius. 

Our theories consist fundamentally in the setting up of a 
model which has properties analogous to the phenomena 
which we have observed. — E. Langmuir. 

7.1. Kinetic Theory of gases. According to kinetic theory, a 
gas is a congregation of an enormous number of extremely small 
particles called Molecules. These molecules rush about through com- 
paratively large empty spaces (with velocities of the order of a mile 
per second at ordinary temperatures) and frequently come into 
collision with other molecules. The path of a molecule is an irregular 

zig-zag having at each comer 
a collision with another mole- 
cule and consisting of straight 
paths between two collisions. 
1 he individual lengths of these 
paths vary widely, but the 
average for a large number of 
such paths has a definite value 
at any one temperature and is 
called the Mean Free Path- For 
air at N. T. P. it is about nine 
times the molecular diameter. 

A molecule travels undisturbed 
in a straight line until it comes very dose to another molecule when it 
is abruptly deflected due to the influence of the later. Usually the 
molecule undergoes a change of speed also. Such a meeting is called an 
, courier anil i< of an extremely short duration. No matter what 
velocities the molecules in a sample of gas possessed initially their 
repeated encounters with one another will quickly destroy any 
uniformity that may have existed initially and a perfect molecular 
chaos v )!] prevail. The velocities of the molecules and their directions 
oi motion are distributed entirely at random. In such a state of 
molecular chaos, the number of molecules passessing velocities between 
sav ; . u and «+</«, at anv temperature, remains sensibly the same 
an; Us not affected by the repeated encounters between ' molecules. 
II the velocities of some molecules are increased by those encounters 
an equal number will suffer an identical decrease in their velocities’. 

1 lus is so, because the number of molecules involved is tremen- 



Fig. 7.1 

Pa i a of a molecule. 
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dously large, ,g„ the number of mo.ecules in one cubic cent.meter 
° f 3 We lythT^ that - * — * 

SS.'srs.riS.'S’— ■ «- 

energy increase. temperature, the 

larges^percentage of motecules'i^any 2,1 of gas have a ve.octy 

. / 2 il represented by OAf and as shown by the graph, a vast 

V m ’ 

majority of all the molecules 

have velocities which do not 

differ widely from this mean, 

The r. m. s. velocity of the 

V ZkT ^ 

~fiT | 

The percentage of molecules ^ 
having velocities very much in 
excess or very much in defect 
of this average is very small 
indeed. Thus, although we 
. are not able to say what the 

velocity of any individual 
molecule, selected at random 
is we can give a measure of 

' m o 



Fig. 7.2 

Maxwell’s distribution of molecular 

speeds. 


is, we can give a measure of leculcs j n a sample of the gas. 

lit the'percerdage molecules ^viug a velcx.tv 

s rsarr hsja a. ** 


vw 


■kT 


where m= mass of one moiecnic, A=Boltzman’s constant and T= 
absolute^temperaBrre^w^ distribution would 

the Maxwellian form. to t |, c right 

,,, —gtem^ 

7>2- Experimental test o Pi a ll 2at rtnnm°and /Co," Bismuth 
bution. In an arrangement due ^ n^ow slit S, in an oven 

vapour is allowed to stream out 6 A narrow parallel beam is 

which is heated uniformly on th • ~ an d at some distance 

selected by putting another slit S 2 paral e to ^ and capable 

5s{k ^ above s * A 
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glass plate P is placed at the back of D on the inside, opposite S. 



TO PUMP 


Fig. 7.3. 

Zartman’s experiment. 


The molecular beam falls for the most 
part of. the rotation an the outside of the 
drum except when 5 face S„. The 
beam them enters the drum” (The 
entire path of the beam, outside the oven lies 
in a high vacuum) By the time ' the 
molecular beam entering at S is able to 
reach P, the drum has rotated through a 
small angle. The slowest molecules will 
take the largest time and will be deposited 
at P x while the fastest will go to P 2 . To 
condense the molecules the plate P is cool- 
ed on the outside with liquid air, if necess- 
ary. The thickness of the deposit at any 
point on P varies with the molecular speed. 
A velocity spectrum is thus obtained, and 
tnis amply corroborates the Maxwellian 
distribution of velocities (Fig. 7.2). 


Gas 

r. m. s. velocity 
at 0°C 
cm/sec 

Mean free path 
at N. T. P. 
cm 

j " 

Molecular 

diameter 

cm. 

Hydrogen 

18.39 xlO» 

18.3x10-0 

2.17x10-8 

Helium 

13.11 

28.6 

1*92 

Nitrogen 

4.93 

0.44 

2.96 

Oxj-gen 

4.61 

9.95 

2.7 

Carbon-di-oxide 1 

3.92 

6.29 

2.9 • 


■> 3. Slowness of gaseous diffusion. A question was asked in 

the cui iy days of the kinetic theory that if molecules really move 
. °V so fast, two gases ought to mix with some rapidity. Claus- 
siur - reply was that the progress of molecules from point to point 
is not an un interrupted flow through the rest of the gas There is a 
continuous interference by the molecules with each other’s motion 
11 c:.ior me gas be released in one comer of a room, its odour is 
perceived m the opposite corner after some time, may be after a few 
minutes. Now a molecule of chlorine covers one-quarter mile per 
seo-n; 1 . but this long path is converted into a complicated zig-zag by 
collisions with other molecules and is thereby twisted into a space 
of less than one square inch in area. 

7.4. Gas pressure. A characteristic property of a gas is its 
tendency to expand mdclirutely. Its molecules continually strike 
against the walls of the containing vessel and by their impact exert a 



kinetic theory of gases 


89 


.. wa , k Tf the space available to the molecules be 

toTem fo'r'movenjenrhas decreased and the gas' will exert a greater 

Pr Tgain, when a gas is comped, its ri^.Jhus 

if a piston moves into a cylinder of gas, th ^ ^ increased Uf their 
the molecules from t » ? { teinpe rature will result. If 

ssr ™ - *<.«•■« — * *. . 

fall of temperature. 

- » • a c rt iM States If a gas under a suitable pres- 

7.5. Liquid andSo^^ kjneti c energy of its molecules 

sure be steadily coded, t j ultimately liquefy. It is, therefore, 

will go on decreasing energy of liquid molecules is less than 

clear that the average kinetic enegy ^ ^ erratic molecu lar 

that of molecules in th 8 ^ a much restricted scale due 

movement is sti k - The Brownian movement (1828) is a 

to their much closer P a ^'^\ , { the liqu id molecules. Very 

visible evidence of ^ s “ Jcnded in water appear to 

minute particles, e g. 1 P . w h e n viewed under a powerful 

possess an »t,o wta ^ t0 stop > or sl 

microscope. This m , , entof the nature of the suspended 

down. The motion is independent ot ™ na^ ^ ^ aie 

particles and is determine im L c t of the liquid molecules and 

pushed this way and that by ^ 'nipac^ i ^ 

show an erratic behaviour The^ particl^ ^ ^ same kinetic 

equilibrium with the J^“harger thev move at a much slower rate. 

energy but as their m , thc pa ttern of molecular motion in liquids. 

In any case they reveal the p ^ ^ mo)ecules , „, e {rce dom of 

Due to the dwer p kmg res tricted scale in liquids. 

molecular movement is considerable attractive influence on 

In liquids the molecule exert consmer^^^ ^ because o( the 

one another and a molecule fl When however a liquid is 
backward pull of the other moke a molec ule, moving 

heated, the K.E. of its " Sd lead on independent exis- 

at a rapid rate, may tear it* “ d « jts random mo tion, the molecule 

tence. This is eua/wata ■ win be attracted into it again. 

comes close to the v ’ orat i 0 n goes on in a closed space, 

This is condensation. When e aporat.o, ^ to jt whcn the 

some of the rotate lea t , tl * * molccules leaving the liquid are 
space becomes fully saturate. , excban „ c goes on continuously 
balanced by those entering it. 1 his exchange b 

and the equilibrium is d close!y toget her, so 

that although their motion ^ t0 ‘ that 0 f a man in a crowd 

where it'k^sdmost tapoSbk for him to leave the space he occupies 
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between his neighbours. Yet he may turn round and have some 
slight motion from side to side. It -is the great attractive force 
between neighbouring molecules which makes it so difficult for a 
solid to change its shape. In a liquid, the molecules on usually less 
closely packed and the forces binding molecules together are also 
weaker. The molecules are sufficiently free to move within the 
liquid-mass from one point to another. Their movement is like that 
of a man moving in a crowded street. He is pushed this way and 
that but can ultimately manage to escape. 

It is not always true that the molecular spacing is larger in the 
case of liquids as compared to solids ; it may in fact be spialler — e.g. 
ice contracts on melting. What is important is a difference in the 
type of motion. A change in the position of the whole molecule as 
compared with a mere oscillation about a mean position shows the 
essential difference in nature between the liquid and solid states. 
When a change of state takes place the molecules themselves are 
unaltered. It is merely their organization that has been changed. 

Again it is a well known experimental fact that the latent heat 
of fusion is much smaller than the latent heat of vaporisation. Thus 
their values for sodium, lead, and mercury are 630, 1170, 560 ; and 
23,300, 46,000 and 14,200 calories/ gm. respectively. The later are 
30 to 40 times larger than the former. This means that the binding 
forces between molecules decrease comparatively very slightly during 
fusion. Specific heats are also very little affected by fusion. 

Solids and liquids appear incompressible, not because their 
volume is actually full of matter, but because the forces between 
molecules hold them apart and also prevent other molecules from 
slipping in. “A number of soldiers with fire-arms may occupy an 
extensive region to the exclusion of the enemy’s armies though the 
space filled by their bodies is small," that is how Maxwell describes 
the whole situation so very graphically. 

7 6. Pressure exerted by an Ideal Gas. We have already 

noticed that the pressure exerted by a gas is due to the bombardment 
of the sides of containing vessel by the rapidly moving molecules. 
In deducing an expression for the pressure exerted by an ideal gas 
i.e., by a gas rigorously obeying the relation PV=RT, it is assumed 
that — 

(1) The size of the molecules is negligible and that they are so 
far apart from one another that their mutual attractions are nil. 

(2) The encounters of the molecules with one another and with 
the wails of the vessel are perfectly elastic and entail no loss of 
energy. 

(3) The time for which an encounter lasts is negligible as com- 
pared with that spent in moving freely. 

(4) Between two collisions a molecule moves in a straight line 
with a uniform velocity. 
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Imag A ne ‘ perfect ott-— ' ‘Aw ^ 

three sides. Let OM represent the velocity 
c of a molecule M. It can be resolved into 

components u, v, w parallel respective y 

the three axes OX, OY and OZ, such that 

A molecule of mass m moving with a veloci- 
ty u along OX will experience a reversal of 
velocity after an elastic collision with the 
face BC The change in its momentum will 
t Tw A-™)-*™- ^ will strike the face 
Fig. 7.4 m /2 times in one second and the total change 

To illustrate gas-pressuro ' momentum per second will be imu.uji 

■ ,nua1 in chance of momentum per second for 
=-■ m.u * Since pressure is ^ li ^} eX e rted on the face BC by 

unit area of a surface, the total pressure exertea 

all the molecules will be 

* 1 =w(«,*+" 2 ! +« 3 s +. . +u,)-m.n.u , 
wherein is the mean square velocity of all the molecules, m 

"“■"Similarly the pressure onthe other two faces will be 

p.=mnv 2 and p 3 =mnw . 

But the pressure exerted on each face is found, by experiment, to 
be the same. Hence p x = Pi = P» " _ — 

# „ i ( h + h + « - i*»« (« 2 + * 2 +- ! ) - 

where ?is the resultant mean sq. velocity. 

It can be put in the form 

p=.\mnC z .'^ 

C is known as the root mean square velocity. 

Again P & fw.(*.wc ). two-thirds of the kinetic 

Li, ,h, *„.v , ,1. < v « » «< ■" 

molecules contained in a unit volume of the gas, 

p = mn 

p^y- cz ° T p _== i C2 

Since C is constant if temperature does not change, ^-is also cons- 
tant under the same conditions. This is Boyle's Law. 

Since px y, we have pV= constant, which is the usual form of 

Boyle’s law. 

7.7. Calculation of Molecular Velocitiea. (1) The root mean- 
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square ( r.m.s ) velocity of the gas molecules can be calculated from the 
relation 

- P= \P& 

C -V 3 « 

Example. Calculate the r.m.s. velocity of nitrogen molecules at.O. C # 


given density of nitrogen at N.T.P. is ’00125 gm./c.c 

c -V 


3x76x13*6x981 
•00125 

=4-93 xlO 1 cm./sec. 

(2) If M be the molecular weight of a gas and V the gram- 
molecular volume, 

. M 

.-v • p= y- 

:.^J.yC 2 or pV=\MC* 
also ' pV—RT 

ril . /. \MC*=RT or \MC*=$RT. •••(*/ 

and C= 

Also M=m.N where m is the mass of one molecule and N the 
Avogadro number i.c., the number of molecules in a gram-molecule of 
the gas=606xl0 23 
Substituting in (t) 

\m NC*=$RT 

{tnC*=l~.T 
= | k.T. 

where k=R/N is called Boltzmann's constant £=1.4 x 10 -16 ergs/degree 
Hence the mean kinetic energy of translation of one molecul^ 
is f£7\ whatever the mass of the individual molecule. The mean 
kinetic energy of the molecules of all gases is the same at the 
same temperature. It easily follows that the mean square speed of 
oxygen molecules is one-sixteenth of that of the hydrogen molecule. 

Example (»') Calculate the r. m. s. velocity of hydrogen molecules at 
N.T.P. 

\mc*=%rt 

/MT A / 3x8-31 xlO’x 273 . Q4 , 

or C = /y' u =/y 2 . 016 =-184 x 10 s cm./sec. 

or well over a mile per second. The mean free path is only 
T$xl0 _5 cm. 

The molecular speeds arc surprisingly large. This means that our 
bodies are continually being bombarded by molecules moving with the 
speed of rifle-bullets without our becoming in the least conscious of it. 
But there is nothing surprising about it because the body is used to it. 
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A sound wave in a gas is * Jl '%£*SJ£ 

molecules and so the spctd the spcec i 0 { sound in air atN.T.P. 

rSifni. 2 •> *>• 01 ”‘™ e " 

eI„u 

pram o/ Helium (it 0 C 

We know that the K.E. of /?r 

’l?T, 

K.E. of 1 g»». ^ C2 ~ 8 A/ 

. 8 31 X 10 7 X 27 3 

3 — ■ — ~ 

= 2 - 4 

=8-5 Xl0 9 ergs. 

7.8. Kinetic 

Maxwell s theorem of -‘l 111 1 together in a gaseous mass, and no 
kinds of molecules are ™xc : g t another, their repeat - 

matter how widely their weights d jer^ establish a state of 
ed collisions with one anot e tbo average energy’, 

Sings in which allindividual ^ tlmt at any. P™ 

irrespective of their weights. energy, but on averaging the 

instant all molecules possess 1‘ . "/ sa y one second, in which 

energy of all the molecules over a loi g i j ragc energy of all 

time at least 100 same. The lighter 

individual molecules w » !1 ^ heights by their higher speeds, 
molecules make up for their sma to t J the rates at which 

S£S into a vacuum. 

C their 

where the weights of various ntoiecules and C„ C,."‘ 

■'*Z,V- V i*-*T (S-^^ecuation) 

_ ## -t i\\n of one molecule of the 

Eas — o, ^ 

o 3 *' M = uiN. 

\MC z = : lmNC 2 =RT 

or JmC*==f £ r=t k.T "’ W 

The only th^nuan knu'ul tner&°of tu^a- 

of its molecules is increased that of 
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others will be correspondingly decreased. The same will be true for 
a mixture of gases, as explained above. 

7.9. Degrees of Freedom. The state of a particle moving in 
a straight line, say along the x-axis, can be described simply by 
knowing its displacement along the line. If, however, the particle 
moves in a plane, we must know its displacement both along the 
x and the y-axes to describe its motion and for a particle moving in 
space, we must know the displacements along the x, y and 2 -axes. 
This is expressed by saying that the particle lias one degree of freedom 
in the first case, two in the second and three in the third. By the 
Degrees of Freedom 1 of a moving body we mean the number of 
independent variables that must be known to describe its state of 
motion completely. It can be shown mathematically that energy is 
equally distributed among the various degrees of freedom. 

We have seen (art. 7.8) that the energy associated with a single 
molecule is f k.T. Hence the energy associated with each degree of 
freedom of a molecule is £ k. T. 

7.10. Avogadro’s hypothesis. If unit volumes of two gases 

exert, the same pressure then 

p =\m x n x C , 2 = $m 2 n 2 C 2 2 

when m x and m 2 are the masses and n x and n 2 the number of molecules 
per unit volume. 

. . m x ii x C ^ — m.,n 2 C 2 * •••(*) 

If the gases possess the same temperature, then the average K.E. of 
their molecules is the same, or 

* w iQ 2 — *”' 2 C 2 2 ... ...(it) 

Substituting in (i) we get n x —n 2 

t .e., equal volumes of all gases under the same conditions of temperature 
and pressure contain the same number of molecules. This is Avogadro’s 
hypothesis. 

7.11. Charles Law from Kinetic Theory. The mean kinetic 
energy of the molecules of all gases is the same at the same tempera- 
ture. Ilcnce the rate of change of kinetic energy with temperature 
will be the same for all gases. 

or ~jt (i w,c *)=c°nstant ...(«) 

Also from Art. 7.7, 

PV=$MC* 

where I' is the gram-molecular volume and M is the gram-molecular 
weight. And M=m.N where m is the mass of one molecule and N 
the Avogadro number. 

/. pV=\ N.mC 2 
= § -N.<lmC*) 


l. Degree of Freedom has a different meaning in Phase Rule, 
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= §N. 


Substituting from (t) 

(^F) = §Nx constant. 

As N does not change with temperature, 

2 T - ( P V ) =constant 

or the rate of change of the product of pressu. and ^olume^vith 

change oi volume with absolute temperature 

is constant 


a gas- 


(t) 


Foe T 

or 

This is Charles Law- 

1 12 Equation pV=N k.T. The kinetic energy of 
molecule is proportional to its absolute temperature 

or \mC*=\kT 

also 

p=%.n.3kT 

=nkT ... ••• •• ••• ' r/ 

where « denotes the number of mole^ks^r unit volume. If there 
are N molecules in a volume F, W becomes 

This equation embodies the Boyle% Charles and Avogadro's Laws 

" ° T13. Atomicity of gase, Jh^al^shttional kinetic energy 
for a gram molecule of a gas at temperature l 

\ MC 2 =l rt 

and therefore for one 8"^^^ wncre r is the gas-constant for 

- srir* fc 

•When a gas is heated at con « used in raising the 

doing any external work but *e wtoterttt , ^ f , is the 

1°C or it is the specific heat, Cv, of the gas. 

r 
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In the case of gases whose molecules consist of more than one 
atom (e.g., Oxygen and Hydrogen are di-atomic), the atoms may spin 
in addition to moving bodily U, possess both translational and rota- 
tional kinetic energy. When such a gas is heated, energy absorbed 
by it is shared both by the rotation and the translation of its mole- 
cules but it is only the later that produces a rise of temperature. 
Therefore in such cases, an extra amount of energy is always absorbed 
to augment the energy of rotation of molecules or Cv >fr by ]ust 
this amount. 

A di-atomic gas molecule possesses three degrees of translational 

motion. In addition, the system is also 
capable of rotating about any of the two 
axes perpendiculer to the line of centres 
of the two constituent atoms a, a, i.e., about 
the line PP or about a line perpendicular 
to both PP, and aa. It has altogether five 
degrees of freedom. The energy associated 
with one gram of a gas (having N' molecules) 

is d.N'.^kT =|r.T 

Cp=\r-\-r 

Cp _ \r+r 

and • y=Tv — F - "* 

A triatomic molecule has three rotational degrees of freedom or in 
all six degree of freedom and 

y = = 1 . 33 . 

QUESTIONS 

1. Write n brief note on the kinetic theory of matter. Explain ‘the 
equilibrium in saturated vapours is dynamic’. 

2. Deduce an expression for the pressure exerted by an ideal gas in 

terms of the velocity of its molecules. _ ... 

3. Provo the Boyle’s Law for gases, starting from kinetic considera- 

tions and show that temperature of a gas is proportional to (speed) 8 of its 
molecules. . „ , , 

4. Calculate the velocity of the molecules of hydrogen gas at I5°C, 
given that one litre of the gas weighs 0'086 gm. at 15 C C, and under normal 
pressure. 

(Hint /7=0‘0S6 — 1000] 

5. Determine the r.m.s. velocity of oxygen molecules at 16°C., given 
that the molecular weight, of oxygen is 32 gm. 

(i. Write a note on the kinetic interpretation of temperature. 

7. How will you deduce Avogadro’s hypothesis from the kinetie 
theory' of gases T 

8. Doduco Charles law for gases from kinetic considerations. 

9. Write a comprehensive note on the kinetic theory of gases. 

10. Discuss the Muxwelliun distribution of molecular velocities in 
gnsos. How has it been experimentally confirmed by Zartman. 

11. Write a note on the liquid and solid states of matter. 

Wlmt is Brownian Movement and what light does it throw on the 

molecular movements in liquids. 

12. What light does the magnitude of Cp/Cv=y throw on the atomi- 
city of gases. 


a 
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Fig. 7.5 

Degrees of Freedom of 
di-atomic molecule 


CHAPTER VIII 

CONTINUITY OF STATE 

Nature knows nothing of sharp dividing lines ; they are 
invariably the creation of the human mind.— Barton. 

8.1. For a long time liquids and gases had been supposed to be 
two distinct states of matter having nothing in common in their be- 
haviour. The liquids possess the distinctive property of presenting a 
free surface and are practically incompressible. The cohesive forces 
between liquid molecules are very strong. That is why a given 
quantity of a liquid has always the same volume under the same 
conditions. The gases, on the other hand, have no free surface, are 
highly compressible and obey the Boyle’s law. The cohesive forces 
between the molecules of a gas (unless the gas be highly .compressed) 
are practically non-existent. Careful experiments by Regnault and 
Amagat showed that gases obey the Boyle’s law with a fair accuracy, 
only at ordinary temperatures and pressures, but that under high 
pressures and at low temperatures marked deviations from the law are 
observed. The gases appear to be much more compressible, under 
these trying conditions. That only means that attractive forces bet- 
ween gaseous molecules are becoming significant and if the molecules 
were to come very much closer together, the transition from the gas 
to the liquid might become possible. 

At about the same time Faraday succeeded in liquefying chlorine 
gas into an oily liquid under its own pressure. These two experi- 
ments point to an essential similarity between the liquid and gaseous 
states, but the historic experiment of Cagniard de la Tour focussed the 
attention of the scientific world on this problem. 

8.2. de la Tour’s Experiment- A quantity of a liquid 
was enclosed above the mercury contained in a J-shaped 
tube, as shown. The space above the liquid contained its 
saturated vapour only and no air whatsoever was present . 

The tube was placed in a water-bath and gradually heated. 

The meniscus of the liquid was observed to get flatter and 
flatter, indicating that the surface tension of the liquid was 
diminishing. At a certain temperature the free surface of the 
liquid disappeared altogether and the whole space presented 
a homogeneous look. That did not necessarily mean 
that the whole of the liquid had evaporated. It only 
meant that the visible physical distinction between the two slates 
had disappeared. On cooling, a cloud suddenly appeared in 
the tube. It then vanished leaving the free surface of the 
liquid behind. 



Fig. :io. 

do lu 
Tour’s 


Experi- 

ment. 
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Andrews then made a systematic study of the effect of tempera- 
ture and pressure on the volume of gases, in a series of classical 
experiments extending over a number of years. He showed that the 
liquid and gaseous stales are only distant stages of a long series of 
continuous physical changes. 

8.3. Andrews’ Experiments. His apparatus consisted of a 

pipette-shaped strong glass tube A whose upper 
narrow portion was accurately graduated. Pure 
dry carbon dioxide was passed through it for 
some hours to remove all traces of air from it and 
the top was then sealed off. By slightly warm- 
ing the tube a pallet of mercury was sucked into 
it which served as a movable stopper. 

The tube was then secured in one limb of a 
strong H-shaped steel tube filled with water.. A 
similar tube B containing air was secured in the 
other. B was surrounded by a constant tempera- 
ture bath, while the temperature of the bath 
surrounding A could be brought to any desired 
value. Pressure was gradually applied to the 
two tubes by means of the screw plungers PP, 
till the mercury was visible just above the steel 
tubes. The horizontal cross-piece ensured the 
equality of pressures in the two limbs. The 
volume of the gas was directly read on A while 
the corresponding pressure was calculated with 
the help of the air tube B which had been cali- 
brated by subjecting it to known pressures (at a 
constant temperature) in a separate experiment. 
The pressure on the gas was increased, step by 
step, by screwing in the plungers and the corres- 
ponding volumes were noted. The experiment 
was repeated a number of times for various temperatures of the gas. 
Curves were plotted between corresponding values of pressure and 
volume for various temperatures. They are called the isothermals 
for carbon dioxide. 



Fig. 8.2 

Andrews’ experi- 
ment 


3.4. Isothermals for Carbon-Dioxide. Consider the 13T° iso- 
thermal. The initial volume and pressure of the gas are represented 
by a point A. As the pressure on the gas is gradually increased, at 
constant temperature, the volume decreases practically in accordance 
with Boyle’s law till the point B is reached. If we attempt to com- 
press the gas any further, some of the gas gets liquefied, but the pressure 
remains the same. Tf this pressure be now maintained constant, more 
and more of the gas will get liquefied till the point C is reached when 
the liquefaction is complete. After this point, increase of pressure has 
very little effect on the volume of the liquid and the curve runs practi- 
cally parallel to the axis of pressure. 

The general shape of the 21 5° isothermal is the same but the 
specific volume (i.e., volume occupied by unit mass) of the vapour 
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when conden c ation begins is much smaller, while that of the liquid 
when the condensation is complete, is larger than the corresponding 
volume for the previous curve. As the temperature is raised more 

and more, the specific 

volume of the vapour goes 0 

on diminishing while that I l N. 

of the liquid goes on in- V _ y 

creasing till at a certain f y A 

temperature the two volumes N. N. 

become equal. Thus in the 1 V N. , 

31T° isothermal, the hori- X,*,./ 

zontal part has just dis- ^ / \\ \ 

appeared and the specific ^ I / 
volumes of the vapour and ^ I / \ 'v 'v 

liauid have become identi- $ \ i \ \ \ 

/.ol Thic ic railed the ' r? '3S-S 




3SS* 


i/ / 

2* S' 
/3 /' 


VOL UMf * 

Fig. 8.3 

Tsothormals for CO*. 


cal. This is called the * MS * 5 

critical isothermal and the j 

corresponding temperature, 1 1 

the critical temperature. ^ '* 

The horizontal portion | . r 4 

is not visible in the 35‘5° volume 

isothermal and no separation Fig. 8.3 

of the liquid occurs. It will, Tsothormals for C0 2 . 

however, be seen that the ...... , 

volume runs down rapidly in the central portion o the isotherm^. 
At still higher temperatures even this peculiarity of the isothermal 
disappears and they resemble the ordinary lsothermals for air. 

It is apparent from the above, that the properties of gases and 
vapours approximate to each other as the temperature is raised from 
very low initial values and become identical at the critical tempera- 
ture. It is even possible to pass from the gaseous to the liquid 
condition without any discontinuity being observed. Thus if a 
volume X of the gas be cooled steadily at constant pressure the 

volume will steadily diminish till a point V, which corresponds to 

the liquid condition, is reached without a discontinuity occurring 
anywhere. This establishes the continuity of the liquid and gaseous 

states. 

8.5. Further] Considerations. If we plot the values ol \ Jv 

against p at constant temperature for carbon dioxide, it is obsencc 
that for temperatures round about its critical temperature pv first 
decreases as p increases, reaches a minimum value and tnen begins to 
show an increase for larger pressures. J Ins peculiarity becomes less 
marked at higher temperatures. For temperatures far removed from 
the critical temperature, the form of the curves is similar to that lor 
the more permanent gases like oxygen and nitrogen. 

Careful experiments carried out by Holborn on several gases upto 
pressures of 1 ,000 atmospheres and temperatures vary mg from - 1 80 C 
to 400°C and similar experiments conducted by K. Chines at ver> 
low temperatures show that no gas obeys the Boyle s law accuiatcly 
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at all temperatures. The behaviour of all actual gases on compres- 
sion at constant temperature, can be represented by an equation of 



(p — pv curves for gases) 


the type 

pv=A+Bp+Cp l +Dp 3 + 

where A =RT, and B, C, D are 
constants for a fixed tempera- 
ture but decrease rapidly for 
higher temperatures. They are 
called V trial coefficients. The 
most important coefficient is B. 
For all gases B is negative at 
low temperatures, but gradually 
increases to zero and becomes 
positive for higher temperatures. 
The temperature for which B is 
zero is called the Boyle tempera- 
ture. At this temperature gases 
obey the Boyle's law over a wide 
range of pressures. The Boyle 
temperature for nitrogen is 
50°C, for hydrogen it is -164°C 
and for helium — 250°C. Thus 



neglecting the other terms because their coefficients C, D,... are \ ery 
small, and if B=0, pv must be constant for that temperature, other- 
wise its differential coefficient with respect to p will not be zero, lhis 
fact can be observed in the relevant curve. The fact that actual 
gases are more compressible than an ideal gas suggests the possibility 
of the existence of inter-molecular attraction. This attraction becomes 
apparent only when higher compressions bring the molecules closer 
together. That inter-molecular attraction actually exists in gases, 
was confirmed by the Porous-plug Experiment (See Chapter X). 


S.6. Van der Waals’ Equation (1873). In deriving the ideal 
gas equation PV — RT. we have neither taken into consideration the 
finite l/e of the molecules, nor their mutual attractions; we have 
supposed that the molecules are material points, which do not interact 
a ///. oat another. The result is that no actual gas rigorously con- 
forms to the above equation. Van der Waals corrected the above 
equation by making allowance for both these factors. 

(1) Correction for mutual attraction of molecules. In the 
interior of a mass of gas a molecule moves freely. It is pulled 
equally in all directions by the surrounding molecules. The 
resultant pull on it is zero because the various forces merely cancel 
one another. Conditions are, however, different at the confines of 
the gas. A molecule A, at the boundary, experiences a backward 
pull from the molecules lying behind it and slows down with the 
result that it strikes the wall of the containing vessel with a velocity 
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less than that of the molecules in the interior'of the gas and therefore 
produces a lesser pressure. Hence in our equation 
we must add to the pressure P which is actually 
exerted by the gas on the walls of the vessel, a 
term x equal to the decrease of pressure produced 
by molecular attraction. This x depends on the 
product of (t) the force exerted on a molecule by 
those lying behind it and (») the number of mole- 
cules striking unit area of the wall per second. 

Each of these factors depends upon the number of 
molecules in a unit volume of the gas, i.e., on its 
density D, hence 

x cc D 2 

sincejdensity is inversely proportional to the volume, 

x=yj, where a is constant 




(v-6-) 

■y '>'?:£ 

m 



Hence the corrected pressure is ( 


Fig. 8-5. To 
illustrate Van der 
Waal’s equation 

(2) Correction for finite size of the molecules. Ihe fact that 
the molecules have a finite size decreases the space available to them 
for free movement and since molecules are incompressible, the effect 
becomes very marked when the gas is highly compressed. What is 
decreased by an increase of pressure is not the whole volume which 
the gas is occupying, but only that part of it viz. ( V — b), which the 
molecules are not occupying. It has been calculated that b is not the 

SPHERE of iNFLUEN^u actual volume of the molecules but fom 

times that volume because each mole- 
cule is surrounded by a 'sphere of influ- 
ence of radius equal to the diameter of 
the molecule and the centre of any 
other molecule cannot come witl in it, 
because even when two molecules touch 
each other, their centres, A and B, are 
apart a distance equal to the sum of their 
radii. ‘The volume of this sphere 
%.n.(2r) 3 is eight times the volume $/rr 3 
of a single molecule or four times the 
volume of the pair of molecules involved 
in the collision. .Taking al 1 the molecules in such pairs it is clear 
that the forbidden volume is four times the volume of all the mole- 
cules.' Moreover, the molecules of a gas are in constant motion and 
the effect of this motion also is to increase the volume correction. 

Hence the corrected Gas-Equation is 



Fig. 8-6 
Sphere of Influence 


( P+y t yv~b)=KT- 


. This is known as the van der Waals* equation. It was a bold 
and valuable attempt to make the Gas-equation fit the behaviour of 
actual gases, but in spite of general agreement, deductions lrom this 
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equation show great departure from experimental results. In fact, 
experiment has shown that a and b are not constants. They change 
with temperature ; especially ‘ a ’ decreases as the temperature rises. 

The van der Waals’ equation can be represented graphically as 
shown. These curves differ from 
the Andrews' curves in giving 
maxima and minima in place of 
the horizontal portions of the 
latter. There is thus a differ- 
ence between theory and ex- 
periment. We can, however 
give an explanation for this 
divergence. The portion CD 



while the portion AB, the un- 
stable state called super-heated 
liquid. Both these states (though 
unstable) can be realized in prac- 
tice. The portion CB, however, 
depicts the decrease of volume 
with decrease of pressure, which 
can never be realized in practice. 

It will, however, be seen that at higher temperatures the two 
families of curves tend to be identical. 

Dieterici has proposed the equation 

_ a 

RTV 

P(V—b)=RT.e 

It shows a somewhat better agreement with experimental results, 
but still the agreement is not complete. 

8.7. Critical Constants. The critical temperature and the 
corresponding values of the pressure and volume of a gas are called 
critical constants 

Van der Waals’ equation ( P-\- -yr) (V—b)=RT can be put in 


I /3 -(&+ p- ) P*4 


V- — 
P 


=0 


• •• 


• • • 


(0 


the form 

vx rr* 

a 

p r ■ V 

This being a cubic equation has three roots which will be coinci- 
dent at the critical temperature. Let p, v, t, be the critical values of 
P, V, T. Then for three equal roots 

(V —vj 3 =0 

V*- 3 v.V*+3v 2 V-v*=-.0 
Also at the critical temperature (i) becomes 

F *_ ( V— £ =0 


or 


• • • 


• • • 


• • • 


• • • 




m 


REDUCED EQUATION OF STATE 
Equating the coefficients of like terms in (it) and (m) 

, Rt 

3v =6+ 

P 
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p 


V 3 = 


ab 


• • • 


• • • 


• • • 


• • • 


dividing (si) by (») j=b or v=36 


a 

From (v) ^=3^2 = 


a 


• •• 


Rt 


From (tv) -p 


t=p. 


3(36)* ~ 27 6 2 

3u— 6=3.36— 6=86. 

86 a 86 


• • • 


• • • 


.. (iv) 


(*) 


• • 


.. (w; 


• • • 


(i) 


... (ii) 


8 a 


-vIII) 


-R- 2762 * /? 27/? 6 

Two different substances are said to be in corresponding state 
when the ratios between their actual pressure, volume and tempera- 
ture (P, V, T) and their critical pressure, volume and temperature 
(p, v, t ) are the same for both substances. 


t.e., 


Z.-Z-2: 

p t V ~ 


8 8 Reduced Equation of State. Expressing pressure, volume 
and temperature of a gas as fractions of their cntical values. 

p=>/> F=/xv T=v.t 

and substituting tnese values in the van der Waals’ equation 


we get 


(*+ £)(r-»)-*r 

(a p + -4r ) (/."-*) 


Substituting the values of p, v, t, in the above relation, we get 
( b- tfP + Ojw) (3p6-i) = v,R. - 2T/ ^ 

Dividing throughout by we have 


(a+ A) (3p-D=8v ... 


t • • 


• • • 


M 


This is the reduced equation of a gas. In this equation all the 

b R-characteristic of any particular substance have 

consta » Hence this equation represents the behaviour of all 
disappeared. Hence q{ ^ and ^ de f lnltc values 

ofr isothermal lines so obtained are common to all substances and 
are called Reduced Isothermals and when A, m and v are each unity, 
the isothermal so obtained passes through the cntical point. 
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It is clear from equation (t) that if two gases have the same 
values for any two of the quantities 7 \, n> v, they will have the same 
value for the third also. Thus if two gases have the same reduced 
pressure and volume, they will also have the same reduced tem- 
perature. 


QUESTIONS. 

1. What is continuity of state ? How was it established by 
Andrews ? 

2. Give the details of Andrews’ experiments on carbon dioxide and 
explain with a sketch the general form of the isothermals. What is critical 
temperature. 

3. Account for the failure of Boyle’s law to fit the behaviour of 
actual gases. 

Deduce the van der Waals’ equation and explain the significance of 
the correction terms. 

4. Derive the reduced equation of a gas from the van der Waals’ 
equution and show that if two gases have the same reduced pressure and 
volume, they will ulso have the same reduced temperature. 

6 - Calculate the critical temperature of carbon dioxide given that 
a= •00717, b = '00191, the unit of pressure being the atmosphere and the 
unit of volume being the volume of 1 gm. of the gas at N. T. P. 

[Using van der Waals equation 

( P + y, i){V-b)=RT 
( 1+ ) (1— ’00191) =I?x 273 


or R 

The critical temperature 


1-005 

273 

_ 8a 
~ 27 Rb 

_ 8 x *00717 x 273 
“27 x 1-005 x *00191 
= 302-1 °A 
= 29-l°C] 



CHAPTER IX 

ISOTHERMAL AND ADIABATIC OPERA! IONS 

§ss msmm 

utility .—Michael Faraday. 

^ A - r , A »; nn State. A simple system like a gas or a liquid 
9.1. • ne w hich can be completely defined by its 

in static condition, ture (calle( i t h e three Parameters). In 

pressure, volume and ten \ I aUvavs exists a functional 

other words for every sunple system volume which is 

and each* 5 such huietional relationship will be an equation of state of the 
system^ ^ 

take place ‘"thech^igeTmains constant throughout the operations, 
undergoing the change enhetance remains throughout 

are called i^” surroundings/ 0 While underling 

wk lit 

them 'when* work ts'done on it. The Boyle’s law is an example of 

S uch a chan^ <j e picting the variation in the volume of a substance 
when/h/pressure acting on it changes, hut its temperature rema, ns 
constant, are called Isothermals. 

. . . fWi-Atinns. Those physical changes which take 

1 p^in sudf manned that the substance undergoing the change 

from its surroundings and j> nrocess When doing external 

duction or radiation o, rbj ^any other, process Wtan^ e J gy and its 

work, the substance has t when work is done on it, its store 

temperature consequently tall - • es Thus W e find that 

limitation being that no dir Prooaeation of sound waves 

ajffiiTSyW — » - • 

motor tyre bursts in approximately adiabatic. 
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The curves depicting the variation in the volume of a substance 
while the pressure acting on it changes under adiabatic conditions, 
are called Adiabatics. 


9.4. Equation to Isothermal for an Ideal Gas. The changes in 
the volume of an ideal gas when subjected to a varying pressure at 
constant temperature are represented, as already shown, by the 
equation 

PV=RT ... (,*) 

Now R is a constant, and since T is now also a constant, the 
equation ( i ) become 

PF=constant. 

i.e., the product of pressure and volume of a definite mass of a gas 
remains-constan t under isothermal conditions. 

9 5. Equation to Adiabatic for an Ideal Gas. Since in the case 
under consideration the gas is thermally insulated from its surround- 
ings the decrease, in its internal energy, dU, will be equivalent to the 
external work done by it. If the volume of the gas increases by dv 
against an external pressure p, the work done by it, is p.dv, hence 

dU=p.dv. (») 

Since the internal energy of a perfect gas depends only on its 
temperature v inter-molecular attraction being absent), the decrease of 
internal energy per unit mass of the gas will be equal to the product 
of its specific heat at constant volume and the fall dT in its tempera- 
ture. Therefore r 


dU =l.C v .dT 

Hence from ( i ) t\dT+pdv = 0. 
which is the equation to the required adiabatic. 
Since an ideal gas also satisfies the relation 


Pv=rT 

we have by differentiation 

pdv + vdp—rdT. 

dT _ pdv+vdp 


or 


or 


or 

or 


Putting this value in [it), 

c, +^=0. 

Cv.pdv -1- C t .vdp -j- r.pdv = 0. 
Cp—C v —r 

C t .pdv -}- C c .vdp (C p — C v )pdv*=0 
C „.vdp + C p .pdv = 0 

^ . C P dv 
p + cT V =a 

dp , dv 

~f +y ~v ~ 0> where y=: c »JCv 


But 

Hence 
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or 


• • • 


• • • 


(I) 


Integrating we have 

log p-\-y log u— ■ constant. 

log p.v v = constant 

• e pv Y — constant. 

which is a more convenient and the usual form. 

There are two other forms of the above relation. Thus from 

i)v ~rT, we have 

r rT 

V= 


V 


r-r* 

Hence from (1) v v constant. 


or 


Similarly 


j v y 1 =constant. 

r.T 

B= V 


• • • 


... (II) 


and 


r.T \y __ 


*■<?-) 


constant 




r y 


= constant 


• • • 


...(III) 


jy constant 

The above three relations which are strictly true for an ideal gas 
o„ly «n aCbeuSl for all actual gases at ordinary temperatures 

and pressures. 

o R 1 Dry air enclosed at 0°C and atmospheric pres- 

sure LuU^tmpresJ to half its volume. Determine the resulting 

^^U^therelaUon connecting T and v under adiabatic conditions 

, 1 . 

iW” =7>, y 

or r.-r, (3-/ _1 =273( 2 )-> 

• log7-.=log 273-4 log 2 =2'4362 + '4X •3010 = 2-6666 

" • r a =360-2°A or 87’2°C. 

r •) Dry air enclosed at 25°C and atmospheric pressure 

is suddenly'compressed to half Us volume. Determine the resulting 

tbe^ relation connecting p and v under adiabatic conditions 

i.e., 

p\V\ = Pt v t Y 


or 


pMD = 1x2 "‘ 
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l°g^ 2 =l°g 1 + 1*4 log 2=0+l*4x-3010=-42140 

/> 2 =2‘636 atmospheres. 

Example 3. Calculate the rise in temperature when a gas (y— -1-5) 
is compressed to eight times its original pressure, assuming the initial 
temperature to be 27°C. 

Use the relation connecting T and p under adiabatic conditions 

i.e., 

A y—1 


or 


, y— 1 ~ 

(If) =(-?:> 


( 8 )’ 5 = 




(300)i-« (V 273+27=300) 
1-5 log 7\>=-5 log 8+1-5 log 300 


or 


=•5 X -9031 + 1*5 X 2-4771 
r 2 =599-8°/l 
=326-8°C. 


Let S and S' repre- 


9.7. Work done by a Gas in Expansion- 

sent the surface of a volume of gas 
before and after a small expansion 
against an external pressure p, the 
pressure being constant over the sur- 
face. Suppose the pressure of the gas 
is only slightly greater than the ex- 
ternal pressure. This will ensure that 
the expansion of the gas will be very 
slow and no energy of motion will 
be developed. 

Consider an element ds of surface 
and let its displacement along the 
normal be dn. The work done by the gas is then 27 {pds) dn 

=pEds.dn 

=P X (increase of volume) 

=p.dv. 

(1) If the gas expands isothermally from a volume v a to a volume 

v b 

v b> the work done is J pdv 



But 

hence 


v a 

pv=RT =K, a constant, since T is constant 
*- * 


v 

Vb 




dv 


Va 
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=K log, 


% 
Va 
Vb 


— RT log, ~ =p a -Va log, ^ergS. 

V a VQ 

(2) If the gas expands adi-abatically , work done is 

Vb 

f P dv 

V a 

Since pv y =K, 


Vb 

1 

Va 


V' 

dv 

7 



Putting K=pv y , work done=-^~- [ p b -Vb-Pa-v a ] 

n/mt 'T'v 


R{T'-T) 

y-l 


ergs, where T and T' 

are the initial and final temperatures of the gas respectively. 

9.8. Slope of the Adiabatic for an Ideal Gas- Differentiating 

pv y = constant, we have 

y 1 j- 1 ~y 


• • • 


(0 


p.y.v' dv+v y dp=0 
dp _ P 

or tne slope dv ~~ y v 

Similarly, differentiating the isothermal relation 

pv —constant, 

we have pdv+vdp- 0 

dp V ia\ 

and the slope lv~~~ v “* ' 

Comparing (*) and («) we find that the slope of an adiabatic is 

y times the slope of the corres- 
ponding isothermal and since 
y{=C P lC v ) is always greater than 
unity, the adiabatic is always 
steeper than the isothermal at the 
point where the two curves intersect 

each other. 


9.9. Isothermal and adia- 
batic elasticity of a gas. The 

elasticity of a gas is given by ratio 
of the change in its pressure to the 
fractional change in its volume. 
Thus if on increasing the pressure 



ISOTHCRMAL 

ADIABATIC 


x> 


Fig. 9.2 . 

Adiabatio steeper than isotherm 
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on a gas from p to p+dp the volume change* from v to v—dv, 

Elasticity —dp i • 

(t) Isothermal elasticity. The equation to the isothermal for a 
gas is 


Differentiating, 

and 


pv = constant 
pdv-\-vdp = 0 



or the isothermal elasticity of a gas equals, its pressure. 

(u) Adiabatic elasticity. The equation to the adiabatic for a 
gas is 


Differentiating, 


/n; y =constant. 



dv+v y .dp=0 


and 



or the adiabatic elasticity of a gas equals y times the pressure, where 
Y—Cp/Cv, is the ratio between the two principal specific heats of 
a gas. 


9.10. Clement and Desormes’ Method for y. The ratio 

between the two specific heats of a gas i.e., y=Cp/Cv was first directly 
determined by Clement and Desormes. 


The gas is contained in a large vessel of over 20 litres capacity 
at a pressure a little above the atmospheric. The vessel is provided 
with a stop-cock of wide bore and is connected to a sulphuric acid 
gauge by means of a side-tube. To reduce the loss of heat from its 
surface, the vessel is plugged with cotton- wool Air is pumped into the 
vessel with a foot-bellows so as to produce a pressure-difference of 
about 10 cm. in the gauge. This pressure is measured a few minutes 
later so that the air inside may cool down to the atmospheric 
temperature. The stop-cock is then opened and quickly closed 
again. The gas expands adiabatically to the atmospheric pressure 
and suffers a fall in temperature. This lowering of temperature is 
difficult to measure with exactness because almost at once the gas 
begins to gain heat from the outside by conduction. Clement and 
Desormes avoided this temperature-measurement by allowing the gas 
to warm up, at constant volume, to the room temperature again 
In doing so, the pressure of the gas rose and the maximum pressure’ 
/> 2 , reached was noted. * ’ 


Let ft be the initial pressure of the gas and 7\ the initial 'room) 
temperature and let p 0 be the atmospheric pressure and T n the teJ 
perature re ached after the adiabatic expansion, then 
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f 


Pi 


y i 


_Po 


-1 


Ti 


Tj 


or 


y-i t v y 

(t) ■*£> 


•••(*') 



Fig. 9.3 

Clement and Desorme s 
Apparatus. 


Again, since the gas warms up at 
constant volume to the temperature 
T x and pressure p 2 

Pa ___ r ! 

Po T 0 

Substituting in (i) we have 
y— 1 V 

/M =(h) 

' Po ' Vp« ' 

(y-l)(log^-logp 0 ) 

=y(log Pz ^6 Po) 

lo g Pi log Po lift 

or Y log ?! -log Pi 


Since the pressure-differences ^wecan make^an 

small as compared with the atmosphenc_pressure p„ 

approximation. Let Pi=-Po+H an P 2 
Substituting in ( ii ), we have 


Po±Ji 


r= ]oe • £o irl u,e, i& 


=log,(l + |')/l 0 g.(l+^+l) 

. u m \ 1/ H—h 


V Po 


J5L + 

2p 0 2 + 


■>/(- ; 




(//-/o 2 

2(p 0 +*) 2 


+ 


■) 


since 


H 


and , ? ~ are . < 1 ‘ 
Po Po+ « 


ro ' w , . 

hence neglecting terms of the second and higher degrees, we get 

_ H l H-h , 

y Pol Po+ h . .. 

Again neglecting A. in the term (?.+A), because it » very small 

as compared with />„, we have. 

H 

y ~H-h 

The above relationship is fairly accurate and convenient to use 
for the laboratory determination of y. 

Thp above experiment is open to one serious objection. When 

t Sis 

slant at which the stop-cock should be dosed and therefore the pres 



112 


PRINCIPLES OF HEAT 


sure inside may not be atmospheric when the stop-cock is- closed. To 
meet this objection the experiment was modified by Partington. 


9.11. Partington’s Determination of y. 



Fig. 9-4. 

Partington’s Arrangement for y. 


He used a spherical flask of about 130 litres capacity having a 
mouth of such a size that no oscillations were set up in the contained 
gas when it was allowed to expand adiabaticajly on suddenly opening 
the lid L. The proper size of the opening was determined by trial. A 
flask of such giant dimensions was used in order to cut down radiation 
losses from its surface, because while its volume depends on the cube 
of the radius (volume— fwr 3 ) the surface-area depends or the square of 
the radius (surface area^47rr 2 ). Thus an trebling the radius,, the 
volume increases 3 3 or 27-fold while the surface area increases 3 2 or 
0-fold only. A sensitive bolometer B was placed at the centre of the 
flask and was joined in the X-arm while the compensating leads 
were in the R-arm of the Wheatstone’s bridge arrangement. A string 
galvanometer was used to indicate the balance because its response is 
very quick. Initially, the bridge was kept slightly unbalanced and it 
was so arranged (by trial) that when the resistance of B diminished 
due to the adiabatic expansion of the gas in the flask, the bridge 
should just get balanced. 

The flask was kept in a constant-temperature water-bath which 
was well-strirred and whose temperature, T x , was recorded by a sensi- 
tive thermometer. Pure gas was forced through drying tubes into the 
flask through A, the pressure difference was read in the manometer 
and the initial pressure was determined by adding this difference 
to the barometric pressure />„. The lid L was then opened for a 
second and closed again. The gas expanded adiabatic ally to the atmos- 
pheric pressure p 0 and its temperature fell to T 0 and the bridge was 
just balanced. Ice was then added to the water-bath in such amounts 
that its temperature remained constant at T 0 . This was indicated by 
the bridge remaining balanced. The temperature, T 0 , of of the bath 
was then read by the thermometer placed in the bath. Since the ex- 
pansion is adiabatic 
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or (y— 1) Hog A- log A>]=y( lo g r i- lo 6 A . 

or y[(log A -log A>M lo g ?W 0 § ^o)] = C lo g Pi- h % M 

and 


y — 


* W — 

log p x - logj > 0 


(log pi — log />o)-(log Ti-log r 0 ) 

V was found to be 1403 for dry air at 17*C. Due to the un- 
certainty of the cooling correction, the method cannot be used at high 

temperatures. 

QUESTIONS 

cross. e q ua tion for the adiabatic to a perfect pas. 

Calcul^atelh^ rise^n*i^per^^e, e the^ri^naf temp°Maturo r i^h^ 2|^C^and 

error in this arrangement and how nave y 

Part 4 g, ObLin an expression for the work due by a pas when it expands 
(<) 'T “sr^Jr^batic^lasticity of a gas is y times the isothe, 

ma ‘ o“a™fully describe the Partington' method for determining the 
value of y. Can the method be used at high temperature* . 


CHAPTER X 

POROUS PLUG EXPERIMENT 


The secret of those who make discoveries is to look upon 

nothing as impossible.— Humboldt. 

The man who cannot wonder is but a pair of spectacles be- 
hind which there is no eye. — Carlyle. 

101. Search for Inter-molecular Attraction (Joule). The fact 
that under high pressures gases show a greater compression than is 
demanded by Boyle's law, leads us to suspect the existence of inter- 
molecular attractions in them. Possibly, the attraction is not very 
marked under ordinary pressures, but becomes appreciable when higher 
pressures force the molecules closer together. If so, a cooling will be 
expected on making a gas expand (say, into a vacuum) without do- 
ing any external work. In this case, the gas will use a pari of its own 
energy in separating its molecules against their mutual attractions and 
will therefore cool down. 

To test this point, Joule took two copper cylinders A and B. 
Gas was compressed into A while B was exhausted. The two were 
- joined with a tube having a stop-cock and were dipped in a vessel of 
water whose temperature was recorded 
by a very sensitve mercury thermo- 
meter The vessel was just big enough 
to hold the two cylinders, so that the 
minimum amount of water would be 
needed to completely submerge the 
two cylinders. This precaution was 
taken to ensure the measurement of any 
temperature -change, even if small. As 
water possesses a large specific heat, 
any small change in the heat content of 
the system AB, will not produce an 
appier 'Me temperature change, if a 
lav*, ijuantity of water were used. The stop-cock was opened, the gas 
from .1 \ pended into B, but no change in the temperature of water 
wa: f 'i-i \ ed. Joule varied his experiment by immersing A and B in 
>ei baths, still no trace of inter-molecular attraction was observed. 

,ce Joule concluded that his measurements were not sensitive enough to 
cu <v / the small changes in temperature that might perhaps occur during 
such experiments and therefore lie could not express any definite 
opinion about the existence or otherwise of inter-molecular attraction. 

In collaboration with Lord Kelvin, he designed an apparatus in 
which the temperature of the gas itself was directly measured by a 
delicate platinum resistance thermometer and the use of water as a 
calorimetric substance was dispensed with. This is the classical 
Porous-Plug experiment. 

10.2. Porous-Plug Experiment.. It is a delicate piece of appa- 
ratus due to Joule and Kelvin for detecting inter-molecular attraction 
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in gases. The gas under test is compressed by a pump P into a spiral 
tube S immersed in a bath of cold water whose temperature is main- 
tained constant. The gas which is heated up by the compression, 
cools down to the temperature of water as it slowly pushes its way 
through the spiral. It then passes up the wide tube AB across a plug 
of cotton-wool G which is held in position by two perforated metal 
discs DD. To prevent the conduction of heat into the plug, this 
portion of the tube is made of box-wood which is surrounded by a 
layer of cotton wool WW which is itself surrounded by water. The 
gas suffers a large drop in pressure in passing through the plug. The 
/ plug serves to keep down the velocity of flow of the gas on emergence 
and also prevents the formation of eddy currents, both of which would 
entail a loss of energy and produce a cooling of the gas. Care must 
be taken that no sound is produced when the gas escapes through the 
plug, because this would also produce a cooling. The flow of the gas 
is maintained for about an hour in order that temperatures at various 
points in AB may become constant. The temperature of the gas just 
before entrance is now recorded by the platinum resistance thermomc- 



Fig. 10.2. Porous-Plug Experiment. 

ter T. and on emergence from the plug by the thermometer T,. which 
should be placed a little further away from the plug so that the tem- 
perature is measured at a point where the eddies have ceased to exist 
and gas has been brought to rest by internal friction. 

The pressure on the side B being lowc-r than that on the side A 

the gas expands, but the expansion here is of a type different from 

thatSn the Toule’s experiment. Ir the later case the gas expanded 
into a vacuum without doing any external work while here it expands 
against a steady external pressure (e. £., that of the atmosphere) and 
therefore has to do external work. Some extra work may have to be 
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sketched alongside, P is the 


P.Vj.A, P 




done by the gas in pulling its * molecules apart against their mutual 
attractions, if such attractions exist. 

In the simple arrangement 
porous plug, A is the high pressure 
side and B the low-pressure side 
Let p v v v A i be the pressure, 
volume of a unit mass of gas and 
area of the piston on the side A , 
and p 2 , v 2 , A 2 , the corresponding 
quantities on the side B. Suppose 
a unit mass of ,the gas is forced 
through the plug when the piston 
A moves a distance d to the right. 

The cross-section of tube B is so 




Fig. 10-3. 

To illustrate porous plug 
experiment. 


arranged that the piston B also moves a distance d to the right in the 
meantime. This will ensure that the velocity of the gas remains the 
same on either side of P and hence also the kinetic energy of its mole- 
cules, and no part of the work done by the ‘piston A is used up in 
producing any such change. 

Work done on the gas by the piston A={p 1 X A Jd—p^A x d) —p x v x 

Work done by the gas on the piston B={p 2 xA 2 )d=p 2 (AJ)=p 2 v 2 

If it be an ideal gas, p v i\ would always be equal td p 2 v 2 . Hence 
work done on the gas would exactly cancel that done by the gas itself 
and no heating or cooling would be expected on that account. A cooling 
would be expected if the gas had to overcome inter-molecular attrac- 
tions while expanding ; no cooling would be expected if inter-molecular 
attractions did not exist while a heating would result if the molecules 
repelled each other. 

The problem, however, is not so simple. Actual gases show devia- 
tions from Boyle’s law and pv varies with pressure at constant tem- 
perature. If p t v a > p x v v more work is done by the gas than is done 
on it. The gas will draw to some extent on its own heat supply and 
suffer a slight cooling thereby. If P 2 v 2 <P x v x , less work is done by the 
gas an 1 more work is done on it and there will be a slight heating 
effect hie to this. This heating effect may just cancel any cooling 
due to inter-molecular attractions and no fall of temperature, what- 
soever m iv be observed. The heating may even more than compen- 
sate lor tii’e cooling and a slight heating of the gas may actually be 
observed. 


it is thus clear that any change of temperature, due merely to 
in ter- molecular forces, is complicated by the fact that the gas either 
does a smali amount of work while expanding or some work is done 
on it. Fortunately, it is possible to calculate the later effect from the 
data made available by Holborn and Onnes. Therefore the true 
Joule-Kelvin effect can be measured. 

Joule and Kelvin have found that 

(1) A cooling is produced in all gases except in hydrogen which 
shows a slight rise of temperature. Even hydrogen shows a cooling 
effect if its initial temperature is below — 80°C. 
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(2) The drop in temperature is proportional to the difference 
in pressures on the two sides of the plug and increases as the difference 
in pressures becomes larger. 

(3) This drop in temperature per atmosphere is larger for a low 
initial temperature; it decreases as the initial temperature of the gas 
is raised, and becomes zero for a certain value of the initial tem- 
perature, called the Tempo alure of Inversion. Above this tempera- 
ture, which depends on the nature of the gas, a heating effect 
observed. 

The Temperature of Inversion is that temperature at which the 
Joule-Kelvin effect changes sign. Instead of showing a cooling on a 
drop in pressure, gases show a rise of temperature when their initial 
temperature is higher than the corresponding Temperature of lnver- 
' sion. For a gas obeying the van der Waals’ equation this tempera- 
ture, T, is given by the relation 

{See next Art.) 

The temperature of inversion for air, oxygen and nitrogen lies 
above the room temperature. These gases will, therefore, be expected 
to show a cooling effect even at room-temperatures, when subjected 
to Joule-Kelvin process. This will not be so for hydrogen and 
helium which have their inversion temperatures very much below 
the room-temperature. In their case a slight heating may he expected 
if the experiment is performed at the room temperature. 

The following table summarises the results obtained by Joule and 
Kelvin : — 


Gas 

Initial temp, of gus 

Drop in temperature 
per atmosphere. 

Air 

<rc 

•275 C 


500 

•200 0 


»3T 

•152 0 . 

CO* 

o°c 

1*390°C 


64°C 

•885 J C 


turc 

045 C 

• 

H 

0° 

.03°C (rise) 


•i 


The fact that all gases (except Hydrogen above -80T) show 
cooling effect on free expansion proves the existence of inter molecular 
attraction in all gases. This becomes most marked when the 
gases are near their points of liquefaction. It is, therefore, 
easy to see why the less permanent gases like carbon dioxide show so 
much departure from the ideal gas equation. The slight heating in 
the case of hydrogen is due to the fact that at ordinary tem- 
peratures the heating that results from the difference of the work done 
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on and by the gas more than compensates for any cooling due to intef- 
molecular attraction. 

10. 3. Theory of the Joule-Kelvin effect. 

If Vj and V 2 be the gram-molecular volumes of the gas on the 
high and low pressure side respectively, the net external work done 
by the gas in passing through the plug is lAV*— AYi)» The work 
done by the gas in overcoming inter-molecular attraction is given by 


f>=(-T+%) 


Vi 

v the attractive forces between the molecules are equivalent to 
an internal pressure of a/V 2 . (Art 8 - 6, van der Waals’ equation) 

Hence the work done by the gas against these forces is 

Pi^2 AY 1 y~ +Y - ••• ••• ••• (*) 

and if there is to be no cooling, the equivalent amount of energy must 
be supplied to the gas. 

Van der Waals’ equation can be written approximately as 

pv =RT-^. +bp 

Using this relation in (*) and also substituting the approximate 

value ~ for V in the terms =£ and ~ , 

P V x V 2 

(0 becomes 

[( w-&+*)-( 

(&”A+A-A)-&(A-A) 

= (It -6 ) (A-A) {it) 

Relation (:7) gives the energy which must be supplied to com- 
pensate for the cooling. 

Since py> p. 2 , {p x —pA is always positive. Heat supplied is 

2a 

onl) if und if no heat be supplied a cooling will 

result. There will be no cooling if ^.=6. This equation gives the 
Temperature of Inversion, T. 

If dT is the cooling produced, the heat which must be supplied 
to restore the original temperature is C p .dT, and 

c ' dT H%T "Otfk-AR 

from which dT can be obtained. ' . v 
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The Van der waals' equation cannot, however, be used for a 
q uan2Z ca Uulation of the Joule-Kelvin effect or of the Temper 
ture of Inversion. This is so because the van der \\ aals equation 
does not represent even approximately a real gas in the range of t » - 

st; 3WSE- 4 ssr L - 

air, Hoxtons’ formula 


^ = -AT/A^=0.1975 


138 319/> 
T ‘ T 2 


where p is measured in atmospheres, gives good results between tem- 
peratures 0°-+280 o C and pressures l-»220 atmospheres. 

QUESTIONS 

1 (a) Give an account of . the Joule-Kelvin experiment for 

determining inter-molecular attractions in gases. 

What conclusions can be drawn from this experiment t 

(6) How will you account for the heating effect observed in the 

Ca8e 2 fh Sl r u g i e „ n an expression for the coding produced when a gas ex- 

m a *4. Give a simple theory of tho Joule-Kelvin effect. 

Why has hydrogen a negative Joule-Kelvin coefficien 

-A 

X ^ 


A 
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CHAPTER I 


LIQUEFACTION OF GASES. PRODUCTION OF LOW 

TEMPERATURES 

If you have built castles in the air, your work need not be 
lost ; that is where they should be. Now put foundations 
under them. - H. Thoreau 

The mightiest works have been accomplished by men who 
have somehow kept their ability to dream great dreams. 

—Bowie. 


Historical- Liquefaction of gases started in 1823 when Faraday 
succeeded in liquefying chlorine, hydrogen sulphide, sulphur-dioxide, 
ammonia, hydrochloric acid gas etc. by highly compressing and 
simultaneously cooling them in freezing mixtures. He, however, 
failed to liquefy nitrogen, hydrogen, oxygen etc. in this way and 
therefore called them ■permanent gases. 


An important advance was made in 1862, when Andrews showed 
that compression can result in liquefaction only if a gas is at or below 
its critical temperature. If this precaution be ignored, the compression 
of a gas, no matter how great, will not result in its liquefaction. He 
thus showed the great importance of the critical temperature. Oxygen 
was liquefied in 1877 by Pictet and Cailletet by the Cascade Process, 
in which the necessary preliminary cooling was produced in stages — 
the rapid evaporation of an easily liquefiable gas helping to liquefy a 
more difficult gas. Nitrogen was liquefied in 1883. 


The method failed to liquefy hydrogen and helium because their 
critical temperatures are so low that the necessary initial cooling 
could not be produced by any known method. But then the Joule- 
Kei\m effect (discovered in 1863) proved a friend in need. A com- 
pressed gas when allowed to expand freely across a nozzle suffers a 
cooling in overcoming inter-molecular attractions between its mole- 
cules provided its initial temperature is below its temperature of 
Inv a mo ii. To obtain cooling at a faster rate, Claude made the 
ex J adding gas do external work in addition to overcoming inter- 
mokctil.il attractions. Dewar ^obtained liquid hydrogen in 1895 
and Onnes produced liquid helium in 1908 and thus the last gas had 
lxen ’iqudied. In 1926, Keesom was able to obtain solid helium also. 


AH The liquefaction of chlorine by Faraday has already been 

referred to. Crystals of chlorine hydrate 
were placed in the limb A of a stout A- 
shaped glass tube, which was then sealed. 
Chlorine was evolved in large quantities on 
heating A and developed a high pressure. 
I he limb B was cooled in a freezing mixture, 
when the chlorine liquefied into an oily 
liquid. Following the line of attack indi- 
cated by Faraday some other gases were liquefied. 
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cool 

Fig. 11.1 Liquefaction 
of Chlorine 
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11 2. Carbon Dioxide. Thirlorier liquefied carbon dioxide, whose 
critical temperature is +31 C C merely by subjecting it to a pressure of 
about 76 atmospheres. The gas was produced by dropping suiphunc 
acid on sodium bicarbonate contained in a stout copper cylinder lined 
with lead. The large volume of the gas evolved, collected in another ( 
cvlinder joined to the first by means of a copper tube, where l 
liquefied under its own pressure. If the temperature *b 

i_oi°c the cylinder was cooled *>v surrounding it with ice-cold water. 
The above method can be used for all gases whose cnt.cal tempera- 
tures are above the room temperature. 

11.3. Liquefaction of Gases. 7 he following are three impor- 
tant methods for liquefying gases 

(11 Bv cooling a gas telow its critical temperature and 

« tse £°»E5 

temperatures are below the room temperature, the necessary cooling 
is produced in stages, an easily liquefiable gas helping 
of the more resistant gas. An easy gas like methyl chloride * first 
liquefied It is then made to evaporate rapidly by reducing the res 
sure on its surface, the latent beat being drawn from the liquid u - 
maining behind. The temperature of the latter falls Pro?£? ss1 ,. 

A coil containing a compressed gas which is rather more difficult to 

hquefy^is placed in this cooling liquid and when the temperature 0 f 
tWs compressed gas falls below its critical temperature, it liquefies. 

This is known as the cascade process and is due *'> P>ntet- It 

is used for producing liquid oxygen, liquid air etc. However, all 
gases cannot be liquefied in this way. 

fud Tuftas a cooUng tl'iereby fhis cooled gas ,s now made to flow 
round the ^ “ucdTu 'it 

liquid hydrogen. 

m Claude’s Process.— Here the gas is allowed to expand aclia- 

"L the gas also sutlers a loss of energy in doing external work. Th'S 
int >» flows round the gas which is now coming to worK me 
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liquefy hydrogen and helium because their critical temperatures 
(— 240°C and — 268°C respectively) are so low that the necessary 
initial cooling of the gases could not be produced. 

The second method has the advantage that a much lesser pre- ; 
liminary cooling is necessary in this case. Thus hydrogen need only 
be cooled to — 80°C, its tempeiature of inversion and not to — 240°C, 
its critical temperature. The method can be worked into a conti- 
nuous cycle. The rate of cooling is however, very slow in this caSe. 

In the third method, the rate of cooling is very rapid. The 
greatest practical difficulty in this method was the un-availability of' 
suitable lubricants for very low temperatures, but that has been 
overcome. 

Nowadays, gases are being liquefied on a commercial scale and 
find diverse uses. In industry the last two methods only are being 
adopted. The first method is theoretically the best, in the sense 
that the least amount of work is required for the production of a 
unit amount of liquid, but it is cumbersome in practice and finds little 
use today. 

Table of critical temperatures and pressures. 


Gas 

Critical 

Critical 


Temperature 

Pressure 

Air 

— 141°C 

37 atmos 

Carbon dioxide 

31° 

73 

Chlorine 

144° 

76 

Helium 

-268° 

2*3 

Hydrogen 

-240° 

13 

Nitrogen 

-147° 

33 

Oxygen 

Sulphur dioxide 

-119° 

157° 

60 

78 


11.4. Pictet’s Process for Liquid Oxygen. 

For obtaining liquid oxygen we start with methyl chloride gas. 
Its critical temperature being 143°C, a mere compressive to 6 atmos- 
pheres suffices to liquefy it, the heat of compression is taken away 
by cold water circulating round A . The liquid methyl chloride is 
made to evaporate by reducing the pressure on its surface. 
The evaporation cools the remaining liquid and a temperature 
of — 24°C is thereby reached. This cooled liquid circulates 
round a condenser B through which ethylene gas, critical tem- 
perature 10 C C, is circulating under a pressure of 15 atmospheres. 
The cooling suffices to liquefy ethylene. By boiling ethylene liquid 
under a reduced pressure, a temperature of — 1C9 ? C is reached 
which is much lower than -118°C— the critical temperature for 
oxygen. The cooled liquid ethylene circulates round a condenser C 
through which oxygen under a pressure of 25 atmospheres is being 
passed. The cooling and compression succeed in producing liquid 
oxygen which can be stored in Dewar flask F.. , a 


HAMPSON’S PROCESS 




Fig. 1P2 

Cascade process 


The lowest temperature reached by the rapid evaporation ot 
• • 9lft°C Nitrogen with a critical temperature 

Tire can be liquified by placing an additional condenser D below C 

[Fig. 11.2). At this stage the Cascade process stops. 

«« c Hampson’s method for liquid air- Air. which has been 

fout-Kelvin cootog 1 Escaping a? N, the cooled and expanded gas 
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moves up around B and cools the down-coming gas. In the actual 
arrangement B is a concentric spiral and the gas rises up in the 

annular space between the two spirals. 
This is the special feature of Hampson’s 
device. Due to the progressive and re- 
generative cooling of the down -coming gas, 
liquefaction sets in after a few minutes of 
working. 

The whole apparatus is very well 
lagged to prevent conduction of heat into 
it. The liquid is collected and stored in 
double-walled Dewar flasks. 

11*5- Linde’s process for liquid 
Hydrogen. The chief feature of the Linde’s 
method is a combined low-pressure and 
high-pressure circulation. Pure hydrogen, 
free from carbon-di-oxide and water vapour, 
enters through the tap T and is compressed 
by the pump P x to a pressure of 40 atmos- 
pheres. Passing into P t it is compressed to 
150 atmospheres and is circulated at that 
pressure. Its temperature is lowered much 
below — 80 C (the inversion temperature for 
hydrogen) by the liquid-air condenser. The 
cooled and compressed gas enters the con- 
centric system of copper spiral tubing at A. 
Moving down-wards, it suffers Joule-Kelvin 
cooling at the nozzle N and its pressure is 
reduced to 40 atmospheres. The cooled and 

expanded gas moving upwards through the 

llampsoff’s process. .^ar space be , tween f he , co PP er spirals, as 

. 1 . m the Hampson s method, cools the com- 

pressed gas moving downwards and returns through the side-tube B 
into the high pressure system 1\. When the down-coming gas in A 
has neen sufficiently cooled, liquefaction sets in and the liquefied gas 
collects at C. Additional supplies of gas are drawn in through T are 
compressed by P x to a pressure of 40 atmospheres and fed into P in 
replace to fraction that has been liquefied. 2 

By means of the pressure reducing value R, the liquid is dis- 

and £red ° ‘ 6 Chamber ° ^ ,Ae ™ * is *d into dS 

The advantage in the double system lies in the fact that almost 

as much cooling is produced by the expansion from 150 to 40 atoms 

pheres as from an expansion from 150 to 1 atmosphere while a much 
lesser amount of work has to be done in •’ xme a much 

gas from 40 to 150 atmospheres (and a small f J f. ing f most of tlie 
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In the original method due to Dew ar the whole of the gas was 



Fig. 11.4 
Linde’s process. 


compressed from 1 to 150 atmospheres and the method was clearly 

more expensive than the one due to Linde. 

Bv boiling liquid hydrogen under reduced pressure a white solid 
form of Hydrogen is obtained. This method has also been used for 
producing liquid air. In that case no precooling is necessary. 

11.6 Claude-, Froces, for liquid Air. Air, free r from . carbon- 
dioxide and water-vapour is A 'about 80% oT the 

r ns 

i‘he clmprS £ 

fl ° WS UP down f the circuiation of the air is continued and its tom- 
coming down A . til] t j ie critical temperature of air is 

perature ^^"’“"efies and flows down into the vessel V. The gas 
reached when it liquefies oulc-Kelvin cooling as it expands through the 

S This gi al» J mo«f u P through^ to C as shown. The 

expanded air from V Hows to C along B, E, 
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The chief difficulty encountered is that when the temperature of gas 
m D falls to a very low value, the lubricant solidifies and the piston 

is jammed. Petroleum ether and 
its mixture with vaseline have been 
used as lubricants and they work 
efficiently at these low temperatures. 
Once the gas has commenced to 
liquefy it serves as a lubricant itself. 

The Claude process is only 
slightly more efficient than the Linde 
process and is mechanically much 
more complicated. For this reason 
the Linde process is usually preferred 
commercially. 

By making the gas, cooled by - 
the Claude process, to suffer Joule- 
Kelvin expansion, Kapitza has lique- 
fied hydrogen and helium. 

Kapitza has constructed a 
turbine-liquefier in which the initial 
pressure of the air is only 5 atmos- 
pheres, instead of 150 atmospheres 
in the Linde process. This is achiev- 
ed by taking energy out of the gas 
by making it do work in the turbine, 
instead of depending on the Joule- 
Kelvin effect, which is of secondary 
magnitude. As the temperature 
of the air flowing through the 
Fig. 11.5 turbine, unlike that of steam in 

Claude’s Process. steam turbine, is low, the working 

fluid is much more dense, being' 
about 5 times as dense as steam at 250°C. Consequently the 
turbine has to be designed to withstand considerable centrifugal forces, 
like a water-turbine. Air is compressed by a 50 H. P. compressor 
and after passing through water and air-coolers, is fed at about 7 
atmospheres into the turbine. This runs at 40,000 revolutions per 
minute aud develops about 4 H. P. The pressure of the air drops 
about 75 per cent in its passage through the turbine and if air enters 
at about — 158°C, it emerges at about — 187°C which is the boiling 
point of oxygen. ° 

The apparatus produces about 50 kilograms of liquid air per 
hour and with minor improvements, would be as efficient as ordinary 
high-pressure liquehers. It is compact owing to the absence of auxi- 

luiry equipment and it delivers liquid air within the short period of 
20 minutes from starting. r 



11. 7. K. Onne’s method for liquid Helium. This was the last 

fn aS iinft be ll< T l, M ed ‘ . Its ^faction was accomplished by Iv. Onnes 
m 1908, in Leiden, by cooling the Helium gas to a temperature of 
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— 268°C (its temperature of inversion is — 240°C) by means of a bath 
of liquid- hydrogen boiling under reduced pressure and then applying 
the Joule-Kelvin expansion to the cooled gas. 

Gaseous Helium under a 
pressure of 36 atmospheres 
enters at A and then divides into 
two streams at B. The spirals 
S x and S 2 (shown straight in 
diagram) are cooled respectively 
by vapour of . the hydrogen 
boiling under reduced pressure 
and cold helium gas. The two 
streams re-unite at C and again 
bifurcate. After suffering a cool- 
ing, as in tne first case, they 
again mix at D and then undergo 
Joule-Kelvin expansion at the 
nozzle E and suffer a further cool- 
ing. The cooled helium gas then 
rises up and further cools the 
down-coming helium gas. At S, 
the rising helium gas is again 
compressed and fed into the main 
stream at A . When this cycle of 
operations has been performed a 
number of times, drops of liquid 
helium begin to trickle down at 
E and collect in the receiver 
from where the liquid can be 
drawn off. 
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Fig. 11.6 
Liquid Helium. 


This intricate method of cooling is adopted because helium is a 
costly gas anT Jub a limited supply at hand, it >s worked round m 

cycles. a ,i ficr which requires pre-cooling with 

u, ., s ... 

do external work as in the Claude process. , 

o™. ass if 

Helium was obtained by Kcesom in 1920. 
4-6 0 ti i* I II It has been found that below 2.11) K l 

- r u 

expand A great change £ ve 21 9”K is called hdu.m I 

S P tha a t below Ms S two liquid heliums differ 
r uunrod from — 273° C upward* are called °K 

a m „d VO is «* 
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very much in their properties. Helium I is a normal liquid. Helium 
II has properties quite unlike those of any other substance — its heat 
conductivity is enormous, its internal friction is almost zero and it 
can flow easily through narrow capillaries. When it is forced through 
a capillary, the emerging liquid cools, while that which remains 
behind warms up. 

If a light permanent bar-magnet be dropped into a Dewar flask 
containing a lead plate immersed in liquid helium, the magnet floats 
above the liquid and so to say, remains suspended some distance 
above the super-conducting lead. Occasionally it darts from side to 
side but docs not come down. The approach of the magnet generates 
electric currents in tne surface of the lead plate. The magnetic 
effect of these currents repels the magnet and keeps it floating. 

Liquid helium behaves strangely when it is cooled below 2T9°if. 
If a vessel be lowered into it, the helium creeps in ( i ) ; when the 
vessel is lifted out of it, the liquid creeps out (it) ; if the helium 
liquid is allowed to enter a narrow U-tuhe containing emery powder 
at the bottom of another vessel, it spurts from the tube at the top 
when light is thrown on the pj-tube. This is due to absorption of 
energy by the powder, (iVt). 



tut) 


Fig. 11-7 
Helium II 

11 9 Production of Low Temperatures. About 150 years ago 
f; it ntMs Vegan to realize that the temperature scale which they had 
esb Viid'cd had a lower limit. While the scale appears to stretch 
k'U ’Unity so far as high temperatures arc concerned (temperatures 
in ti e nt erior of stars are of the order of millions of degrees), the 
jewel end is situated only 273' C below the melting point of ice. 
lh:s is known as the Absolute zero of temperature. 

Once it was known that a lower limit of temperatures existed, 
attempts were made to reach it. This inarch towards absolute zero 
makes a fascinating study and shows how much skill, patience, per- 
severance and hard labour has been put in by research workers.' 

Ice can reduce the temperature down to 0°C, but temperatures 
lower than () l can be produced by mixing certain salts with ice. 
While melting, the salt absorbs its latent heat and the heat of solu- 
tion from the ice and the temperature of the mixture falls as a 
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consequence. This is the principle of freezing mixtures. Thus if 
to 100 parts of ice 33 parts of common salt be added, a temperature 
of -21-3°C is reached; by adding 30 parts of calcium chloride, a 
temperature of -54-8°C is reached, while by using 32 parts of 
caustic potash — 65°C can be reached. 

The liquefaction of gases opened up a new line in the attainment 
of low temperatures. By boiling liquid sulphur-di-oxide under 
atmospheric pressure a temperature of — 10X is reached , with boil- 
ing liquid methyl 'chloride -24°C is obtained ; ammonia gives 
— 33-4°C and carbon-di-oxide^TS GX, while with boiling liquid 
ethylene we can reach — 1037°C. 

A great advance in low temperature production was made by 
Cailletet and Pictet in 1877 when they announced the liquefaction of 
oxygen. A temperature of — 183 C C or 90 K was thus jeacied. 
Liquid nitrogen boiling under normal pressure gives -1 Jo b V. 
Neon gives -246°C, hydrogen -252*78°C while with helium 
— 268-9°C is reached. By boiling helium under reduced pressure, 
a temperature of about 1°K was reached. Further progress then 

stopped. 

In 1926 Giauque and Debye proposed the method of cooling by 
magnetic methods. Certain para-magnetic salts ~ 
such a gadolinium sulphate, iron ammonium 
alum and potassium chromium alum contain in 
their molecules ions which behave as small 
magnets, having ordinarily a random distribu- 
tion in direction even at low temperatures. If 
now a large magnetic field of 20,000 — 30,000 
Gauss is applied, with the salt at an initial 
temperature of about 1°K, obtained by contact 
with a bath of liquid helium boiling under re- 
duced pressure, the ionic magnets swing into 
line, producing a heating effect. This heat is 
taken up by the helium gas which surrounds 
the salt. The gas is then pumped out leaving 
the substance thermally insulated from its sur- 
roundings and the magnetic field is then switch- 
ed off. The ions now try to regain their 
original orientations and therefore work has to 
be done by the substance. The necessary energy 
is obtained at the expense of the heat-energy of 
the salt itself, which therefore suffers a further r j hu/umgas 
fall in its temperature. Using this method dc < S uBS7^cr 

Haas and Wiersma at Leiden have reached Fig. 11« 

J* Cooling by lulmbatie 

u uuo demagnetisation 

Attempts are being made to reach still lower temperatures. We 
may never be able to reach the Absolute Zero of temperature be- 
cause according to the Third Law of Thermodynamics, while the 
Absolute Zero can be approached to any extent, it can never be 
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actually reached in practice. “While Absolute Zero is a finite limit 
to our temperature scale , it has slipped into infinity so far as its ex* 
perintenlal attainability is concerned.” 

11.10. Measurement of Low Temperatures. A mercury 
thermometer cannot carry us beyond — 39°C while with an alcohol 
thermometer we can reach — 112°C. Although alcohol is less visible 
than mercury, it expands seven times as much for the same rise of 
temperature and is therefore superior to mercury in that sense. But 
then the liquid thermometers do not carry us very far. 

Gas-thermometers are better. Dewar and others have shown 
that these thermometers can be depended upon down to the^ lique- 
faction point of the gas used. Temperatures down to — 250°C can 
be measured using hydrogen and to — 268 C C using helium. 

Resistance thermometers are much more convenient to use. 
Great care should, however, be taken in selecting the wire, which 
should be absolutely pure. Pure wires show a regular decrease of 
resistance with falling temperature but even a trace of impurity 
renders them unreliable. To determine temperatures below 80°K, 
the platinum thermometer is the most important instrument. A num- 
ber of fixed points are available for calibration in this region. 


Gas 

Boiling point 

Oxygen 

90-20°K 

Nitrogen 

77-39 

Neon 

27-3 

Hydrogen 

20-42 


Gold has also been used but possesses no special advantages. 
Both gold and platinum are unsuitable for very low temperatures 
because their resistance-temperature curves are so strongly curved 
that a large number of fixed points would be required to define the 
temperature curves. Lead also possesses certain advantages. Cons- 
taman and phosphor-bronze can be used for liquid helium temper- 
t ures. 

Thermo-electric thermometers can also be used because a 
copper-constantan couple develops a large e. m. f. at very low tem- 
peratures. Couples of gold and silver or platinum and silver are 
also very sensitive. Thermo-couples are, however, not sensitive 
enough at tiiese temperatures to serve as standards but are useful as 
control instruments. 

Temperatures below 4°K are produced by a bath of liquid helium 
and are determined by measuring the vapour pressure of helium. 
Temperatures down to 1*5°K have thus been measured. For mea- 
suring still lower temperatures, the vapour pressure-temperature 
curve of helium has been extrapolated and temperatures upto 0’S2°K 
have been measured. 
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Vapour pressure of liquid heliu 


III 




Temperature °K 

Vapour pressure in 
cm. of Hg. 

4-899 

132-90 

4-219 

76-00 

3-218 

25-00 

2-298 

5-00 

1-538 

0-60 

1-055 

0-025 

0-899 

0-0050 

| 0-844 

0 0025 


Carbon resistance thermometers have been used for temperatures 
below 10°K, since the resistance of carbon increases very rapidly as 
the Absolute Zero is approached. Giauque (1938) has used both 
graphite rods (lead pencils) and strips of carbon ink as thermometers. 
These thermometers have the advantage that leads with fairly high 
electrical resistance and negligible thermal conductivity can be used. 

The very low temperatures obtained by adiabatic demagnetisa- 
tion have been estimated by measuring the magnetic susceptibility 
of the salt itself on the assumption that susceptibility varies inversely 
as the absolute temperature (Curies’ Law). 


11.11. Importance of Low-Temperature research- Very "im- 
portant work is being done at low temperatures. Specific heat 
determinations at low temperatures, the study of the properties of 
liquid helium and the study of the magnetic properties of substances 
at low temperatures are all of fundamental theoretical importance. 
Thus Keesom working in the region 1*7°K — 4 K has found that the 
specific heat of a substance is much greater than the value given by- 
Debye’s theorv. The resistance of many substances has been found 
to decrease suddenly to very low values at very low temperatures. 
In fact, a whole subject of low-temperature physics has deve- 
loped. 

W. L. Bragg has observed that “Liquid helium is the starting- 
point for all work in the region within a degree or so of the Absolute 
Zero. The importance of investigation at this temperature is that 
the atoms have been robbed of almost all their thermal motion. In 
consequence, a whole new range of physical properties can be studied 
which are obscured by the irregular motion of the atoms at higher 
temperatures. Just as an anxious photographer tells his audience to 
keep quite still while he takes the cap off his camera, so the physicist 
likes the atoms to keep quiet while trying to discover some of then- 
more delicate and small-scale properties.” 


11. 12. Properties of substances at very low temperatures. 

With falling temperature the chemical activity of substances is greatly 
reduced. Dewar has shown that at— 180°C, chemical reactions can 
no longer take place or at least the rate of chemical reaction is too 
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slow to be measured. Bacteria as Well as many seeds retain their 
vitality even after prolonged cooling in liquid hydrogen. Again, at 
the temperature of liquid air, many substances like cotton, wool and 
egg-shells become faintly luminous. Many substances like lead which 
are not elastic at ordinary temperatures become so at the tempera- 
ture of liquid air and a lead ball rebounds much higher than it would 
do at ordinary temperatures. On the other hand, rubber and iron 
become brittle, while tin disintegrates into a grey powder. K. Onnes 
tested the resistance of solidified mercury in a bath of liquid helium. 
Down to 4.3° K the resistance steadily decreased to about one-five 
hundredth of that at 0 = C. Then the resistance dropped suddenly to 
less than one-millionth of the normal value i.e., the mercury became 
supra-conducting. Antimony, lead, aluminium etc., behave similarly. 
A current started by induction in a ring of the supra-conducting 
material continues to flow for days. Onnes supported a ring of lead 
in a liquid helium flask such that the ring was completely immersed 
in the liquid. 1 he flask was supported in a magnetic field. By 
destroying tne magnetic field a current was induced in the ring. The 
current persisted as long as the ring was in the liquid helium. The 
rate of decay was less than 1/40,000 of its strength per hour. Hence 
the resistance of the ring must have been 10 -12 ohms. 

QUESTIONS 


1. Discuss t-lic production of cold by expansion of gases through 
porous plugs. How has this principle been applied in machines for lique- 
fying air ? 

2. Give the Linde’s method for liquefying gases. Discuss the princi- 
ple on which it is bared. M hat is the advantage of low and high pressure 
circulation. 


3. Discuss and differentiate between the Cascade and Regenerative 
systems of producing low temperatures. How can these low temperatures 
be produced and measured ? 

4. Give the processes for liquefying carbon dioxide, oxygen and 
hydrogen. Why arc different methods used in their liquefaction ? 

- r >-. Give n method for producing liquid helium. Give the properties 
of liquid helium. 


6. Write a historical noto on the liquefaction of gases. 

7. Write n noto on the general methods of liquefaction of gases. 

8. Describe the Hnmpson's method for producing liquid air. 

9. Describe the Claude’s process for obtaining liquid air. 

Compare the various methods for liquefying gases. Which is the best 
mot hod in your opinion. 

10. Write an essay on the production of low temperatures. 

11. Write a critical noto on the measurement of low temperatures. 

M lint is the importance of low-temperature research ? 

12. Briefly describe some of the properties of substances which are 

modified at very low temperatures, v 



CHAPTER XII 

SECOND LAW OF THERMODYNAMICS 


If you have an idea and it is a good idea, if you will only 
stick to it, you will come out all right. — Rhodes. 

No hypothesis can lay claim to any value unless it assembles 
many phenomena under one concept. — Goethe. 


121. Reversible and Irreversible Processes. A reversible 
process is one which can be retraced in the opposite order by an 
infinitely small change in the value of one of the factors controlling it. 
i.e., when it is susceptible of occurring in either direction and a slight 
variation in the causes suffices to reverse the direction of the trans- 
formation. The working substance passes through exactly the same 
stages as in the direct process but the thermal and mechanical effects 
at each stage are exactly reversed. If heat is absorbed by the sub- 
stance in the direct process it will be given out by it in the reverse 
process and if work is done by the substance in the direct process, 
work will be done on it in the reverse process. There is absolutely no 
wastage of energy in reversible processes and all energy that disappears 
is used up in doing mechanical work. All changes occurring reversibly 
must proceed infinitely slowly. 


A vapour liquefies if heat is gradually abstracted from it but the 
same amount of heat will have to be supplied to the liquid to restore 
it to the original vaporous condition. I he processes of liquefaction 
and evaporation are reversible. Again, when a gas is compressed, an 
amount of heat, equivalent to the work done on it, appears. If tin 1 
compressed gas be now allowed to expand slowly, it will do external 
work (equal to that done on it) by absorbing a part of its own energy 
and will suffer a cooling thereby and the process is clearly reversible. 
If the expansion of the gas is violent, whirls and eddies will be formed 
and some of the work will be lost as heat and the change will not be 
exactly reversible. It is clear that reversible changes must take place 
infinitely slowly. The transference of heat from one body to another 
can be reversible only if the two bodies differ in temperature by an 
infinitesimal amount. In case of a finite temperatui e-difference, 
conduction and radiation occur which arc not reversible. Stiictly 
speaking reversible processes are only an ideal since frictional in- 
fluences cannot be avoided in practice. Nevertheless, there arc many 
real processes which are conducted at so slow a rate that they can 
be regarded as reversible within the limits of experimental error. 
Rigorous reversibility is an ideal limit, while irreversibility is the rule. 

Irreversible Processes are those which cannot be retraced in the 
opposite order by reversing the controlling factors. Friction is irrever- 
sible Heat is produced when a body moves against a resistance but 


133 


134 PRINCIPLES OF HEAT 

heat is again produced (and not absorbed) when the direction of 
motion of the body is reversed. Similarly, the Joule-Kelvin effect is 
irreversible — fall of temperature occurs whether a gas crosses the plug 
in one direction or in the reverse direction. Electric resistance is also 
irreversible. Heat is produced when a current crosses a conductor 
and is still produced (and not absorbed) when the direction of the 
current is reversed. Joule-heating is irreversible while Peltier-heating 
is reversible. 

12. 2. Conditions of Reversibility. (1) The substance under- 
going a reversible change must not lose heat in overcoming friction, or 
by conduction or radiation. No heat should be transformed into 
electrical or magnetic energy. 

(2) The changes in the pressure and the volume of the working 
substance must take place infinitely slowly so that when the substance 
is gaining heat its temperature differs infinitesimally from the hotter 
body and when it is losing heat it differs infinitesimally from the colder 
body. 

12. 3. Second Law of Thermodynamics. The First Law oi 

Thermodynamics established an equivalence between the quantity of 
heat used up and its mechanical output, or vice versa. Joule, how- 
ever did not specify the conditions under which a body can use its 
heat energy to produce a supply of work. This gap has been bridged 
by the Second Law of Thermodynamics which lays down the rule 
according to which work can be obtained by using the energy of a 
hot body. In fact, the law is concerned with the direction in which 
energy transfers take glace. Work cannot be derived from heat unless 
this heat is allowed to fall from a higher to a lower level. 

The heat engine — which is a device for getting mechanical work 
from heat — works by absorbing heat from a hot body. It converts 
some of the heat thus absorbed into mechanical work and rejects the 
rest to a body at a lower temperature. The steam which enters the 
cylinder of a steam engine from its boiler is hotter than the steam 
which is rejected by the cylinder to the atmosphere. The heat lost by 
the steam is used up in rotating the various parts of the machine. The 
mechanical energy delivered by the engine in due to the flow of heat 
from a higher to a lower temperature. If the boiler and the atmos- 
phere were at the same temperature, no heat-flow would occur and no 
heat would be transformed into mechanical energy. The heat would 
be entirely unavailable. But a flow of heat would generate work only 
if it were properly harnessed, as in the steam engine. 

As the engine absorbs more and more heat from the hot body, 
the latter suffers a progressive fall in its temperature. To get a 
continuous supply of work, the temperature of the hot body must be 
maintained constant. If this precaution be ignored, the hot body will 
ultimately become as cool as its surroundings. No further trans- 
ference of heat will then be possible, the engine will stop working and 

no mechanical work will be obtained. Such considerations led Lord 
Kelvin to the conclusion that 
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• It is impossible to get a continuous 'supply of work by cooling a 

ammonia. compressor The compressed ammonia, then enters 

compressed by a compress £ w h ere it loses its own heat 

Ld th" e producld in it by compression, liquet, es and is again 

ready for the next cycle. , , i 

Clausius to conclude that 

■ II is impossible to cause heat to flow from a colder to a hotter body 

without absorbing energy from some external source. 

Of course heat does not and cannot flow directly from a lower to 
a higher wature. An intermediary absorbs the heat from the 

C0W Both " thl Lnd L, of Thermodyna- 

mic s^sstf sf 

rJL violates the Clausius 

iiiipiiii 

come cooler than its surroundings and will still he supp>i „ 

This violates the Kelvin form of the law. .... 

dirCC lt > must be clearly understood that the second law applies to 

It must y * * • f reversible opeiutions 

reversible cyclic operations ; 0 Yj, * same condition as regards its 
in which the substance en tuI - tc( ] Water evaporating from 

a S3S temperature of its surroundings (because tne 
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y a P? u [ . is aU the time absorbing its latent heat from the water remain- 
ing behind) and work can be obtained from the escaping vapour 
ihere is, however, no violation of the Second Law because no 
cycle of operations is being performed in this case. 

/ 12*4. Carnot Reversible Engine- — Imagine a cylinder with 

perfectly conducting bottom but with perfect non-conducting sides 
containing the working substance (which may be anything) and closed 
with a perfectly non-conducting, frictionless, movable lid. 



Fig. 12.4 
Carnot’s Engine. 


Suppose the cylinder is placed on a perfectly conducting surface 
of infinite thermal capacity, whose temperature, T lt does not alter 
when any finite amount of heat is taken from it. Let A represent 
the initial pressure and volume of the substance. 

(1) The weight on the lid is slightly decreased so that the sub- 
stance expands isothermally to the condition represented by B, absorb- 
ing an amount of heat H v Since the substance expands from va, the 
volume corresponding to A to i-b corresponding to B against an 
external pressure, an amount of work equal to the area of the figure 
AabB will be done. The heat absorbed from the conducting surface 
is partly used up in doing this external work and partly in producing 
a change in the internal energy of the substance. This'latter quantitv 
depends upon the pressure, volume and temperature of the substance 
and since the pressure and volume at A and B are different so is the 
internal energy of the substance. Internal energy is independent of 
the path by which the substance moves from one state to the other 


(-) ihe cylinder is now placed on a perfect insulator of heat and 
the substance is allowed to expand adiabatically by slightly diminish 
mg the load on the lid again. Since the process is adiabatic the sub 
stance uses a part of its own energy in doing work against external 
pressure, and consequently its temperature falls. Suppose when the 
condition of the substance corresponds to the point C, its temperature 

is 1 a . In expanding from B to C it has done an amount of work re 
presented by the area of the figure BbcC. 
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(3) The cylinder is now placed on a perfectly conducting surface 
at a temperature To and having infinite thermal capacity. I lie load 
on the lid is now increased so that the substance undergoes a slow 
isothermal compression at a temperature To till its condition is repre- 
sented by a suitable point D. The heat H a _ generated by the com- 
pression will be conducted awav by the surface and the temperature 
of the substance will be maintained at To throughout. during this 

compression an amount of work represented by the area CcdL will 

be done on the substance. 


(4) The cylinder is put back on the insulator again, the load on 

the Ud is increased so that the substance undergoes a slow adiabatic 

compression. The heat generated by the compression will gradually 
raise the temperature of the substance. The compression is stopped 
when the pressure and volume of the substance correspond to the 
point A again. Its temperature will also be 7\ and consequently its 
internal energy will be the same as at the beginning of the process An 

amount of work represented by DdaA will be done on it, in the 

process The substance is said to have performed a Carnot eye e. 
[The point D is to be such that after the adiabatic compression the 
substance ends in the condition A. This point D can be determined 

by a preliminary experiment by allowing the substance to expand 
adiabatically from its condition A.] 

During the above cycle of operations, the substance absorbs 
an amount of heat H x from the hot body and rejects H 2 to the cold 
body. The net gain of heat is H X ~H V At the same time an amount 

of work represented by the area 

ABCD{—AabB-\-HbcC— CcdD— DdaA) 

is done by it. Since there is no change in the internal energy of the 
substance, H x -H % is mechanically equivalent to the work done by it. 

The Carnot cycle is perfectly reversible and can be exactly 
retraced in the opposite order. An amount of heat H x Ho will then 
be evolved and an amount of work represented by the area A BCD 
will be absorbed, i.e., the engine will work as a refrigerator. 


12.5. The Carnot engine cannot be realized in practice because 
in all actual engines a part of the energy is always lost in overcoming 
friction. It nevertheless, gives us an idea of an ideally simple engine. 
It is the standard with which the performance of all actual engines 

is compared, because. 

(1) It is perfectly reversible in its action and reversibility elimi- 


nates all waste. 

(2) All heat is gained by it at the temperature of the hot body 
onlv and rejected at the temperature of the cold body. In an actual 
enghte, the temperature of the hot body, progress, vely fal s as it gives 
out heat and that of the cold body nses as heat passes into it. Such 
engines therefore, do not make as full a use of the heat which they 
draw ak the Carnot engine does, or in other words : 'They do not 
make full use of the available temperature-difference. 
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The efficiency of an engine which is the ratio of the heat spent 
m doing external work, W, to the total heat drawn from the hot bodv 
in one cycle, is given by y 

W _ H x -H 2 h 2 t 2 

H x ~ H x — 1 “ ~H X 1 ~ 7\-( See a rt. 12.86) 

It is clear that out of the total heat absorbed by the engine, only a 
fraction ( 1 — is available for work. The fraction ( 1 _ is 

called the Available Energy, while the fraction h- is unavailable. Thus 

if the hot body is at 100°C or 373°A and the cold body is at 0°C or 

273°A, the available energy is only 1- approximately, while 

the remaining £ is unavailable. It will be seen that even under ideal 
conditions, only the available energy [and not the whole heat energy 
supplied to the engine) is converted into work. ^ 

12 6. Carnot engine has maximum efficiency. All reversible 
engines working between the same two temperatures have the same 
efficiency irrespective of the amounts of heat which they draw from their 

respective sources and no engine can be more efficient than a Carnot 

engine working between the same temperature limits. This is a Un 
known as Carnot’s theorem - 

If possible, suppose an engine P has a greater efficiency than a 
Carnot engine <? working between the same two temperatures It 

means -j ±- > ^where H x and H 2 are the amounts of heats absorbed 

by the two engines from their sources and W x and W 2 the amounts of 
work doneby the two respectively. If they perform equal amounts of 
work, II i - !! 2 ; hence H t >H x ; t.e., for doing equal amounts of work 
P draws less energy from its source than Q does. 

Arrange the two engines in such a way that when P works normal 

l y .t drives Q backwards (Fig. 12.2). Suppose 
both the engines use the same hot and cold 
bodies. P will draw H, heat from the hot 
body and perform H\ work while Q will re- 
)ect ff, heat t0 the hot b «dy and absorb W, 

olheat H* reSU u t V" be that an amoun ‘ 

i, v, i T^ 1 - wlU be transferred to the 
hot body by this coupled system while the 

W - W rM° ne / S W x -W 2 =0. This heat 
, 2 ^i must therefore come from the cold 

body The two engines constituting together 

a self-acting engine would thus transfer heat 

fiom a refrigerator to a hot source or that 

r A n’ l ~‘~ w * b ff° w front a cold to a hot bodv 

Coupled Carnot Engine, without the expenditure of any work which 
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is impossible because it violates the Second law Hence the two en ^nes 
must be equally efficient. Since in every actual engine there is a 
waste of energy, it wiU be less efficient than a Carnot engine working 
between the same limits of temperature. 

The efficiency of a Carnot engine, therefore, depends only on the 
two temperatures between which it works. It neither depends on i the 
amount of heat drawn by the engine from its source nor on the nati e f 
the working substance used. It follows that no engine can be more 
efficient than a Carnot engine, which, therefore, possesses the maxi- 
mum efficiency for given temperature limits. 

Again, the essential condition for reversibility is that al changes 
-isothermal or adiabatic-must take place infinitely slowly. Hus 

means that although the Carnot engine is the most efficient, it \\i 

take an infinite amount of time to perform any specific amount of 
work Its actual rate of working, ue. its power, will therefore be 
zero. Hence a Carnot engine possesses maximum efficiency but „ero 

power. 

12 7 Work Scale of Temperature- Those properties of matter 
which vary continuously with heating have been used for the measure- 
ment of temperatures. The various thermometers depend upon the 
particular property of matter used in their construction and are ex- 
pected to agree only at the fixed points ; marked deviations are oh- 
\erved at other temperatures. The gas thermometer shows a superiority 
in the sense that it depends upon the property of no one gas 

1)31 With the idea of constructing a temperature s ?l c ..'' ,, ; lcl V, sh ^ J (l 
be independent of the properties of all substances, Kelv in (at t l . g 
gest^n of joule) made Carnot engine the basis of a scale of empera 
ture measurements. We have seen that the efficiency of the Carnot 
eneine depends only on the two temperatures between which it works and 
on nothing else, i.l, the efficiency is some function of the temperatures 

01 • 02‘ 


or 


or 


t r {6v e%) 

H 


1 


... i-tfirw-™’* - w 

fnd 1 is the same as between the two temperatures themselves. He 
thus adopted the simplest form of equation (»)• Hence 

H x __Ji 

H t ~ 

rjsssa? ’ V5«7“ y a rsssr 

- - — w 0 rf ■ n i 
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H x 0i 
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H % ~ 0 
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If now A and B be so coupled that the cold body of A is the hot 
body of B, B will absorb as much heat from it as A rejects to it. 
The cold body of A therefore plays no practical part and we are 
left essentially with an engine that absorbs H x heat from the hot 
body of A at Q x and rejects H z heat to the cold body of B at tempera- 

true 0 3 . Hence for this coupled system, -^r = which is the same 


as (c) above. 

If the interval between the ice and steam points be divided into 
100 equal parts and 0 O be the ice point, 

7/steam 0 o +lOO 

Hico 6o 

whence 0 O can be calculated and a temperature scale constructed. 

This is the Work scale or the Thermodynamic scale of tempera- 
tures. It has the maximum theoretical support, but is not capable of 
being realised in actual practice because reversibility is impossible to 

achieve in any actual machine. This 
is its greatest drawback. 

Graphical representation of 
work scale- Let ABC be an iso- 
thermal line for any temperature 0, 
the point A corresponding to the 
initial state of the working sub- 
stance and the points B and C to 
its condition when H and 2H heat 
has been added to it respectively. 
Let LMN be the isothermal for 
0 — 0 or 0 O . 

Draw the adiabatics AL, BM 
and CN through the points A , B 
and C. The areas ALMB and 
BMNC are equal, because each re- 
presents the work done by a perfect 
engine that draws H heat at 0 and 
converts the whole of it into work and itself falls to the temperature 
of Absolute zero. Draw (0 -1) isothermals between 0 and 0 O , dividing 
the areas ALMB and BMNC into 0 equal parts. Then the absolute 
scale of temperature is represented by these isothermals. Incidentally 
this shows a correspondence between the Work scale and the Absolute 
gas scale which we now seek to determine independently. 


! 
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Fig. 12.3. 

Graph lor work scale. 


12 8. Work Scale and Absolute Gas Scale. Temperatures 

measured on the Work scale agree with those measured on the Abso- 
lute gas scale. 

Suppose a Carnot engine contains a unit mass of an ideal gas as 
the working substance. The temperature limits between which the 
engine works are 0 X and 0 2 on the work scale and T x and T % on the 
gas scale. 
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Bv the definition of work scale 

Hi __ii 

h 2 " e 2 


• • • 


• • • 


Suppose the gas absorbs i/Aeat' in expanding isothermaiiy 


w 

from 


yl to B at a temperature T v Work 
done by it in expansion is 

fV B A B dv 

s v r =rTi r 

(v pV=rT x ) 
„ , V B 

or H x ~ rT t log e ^ ^ 

Similarly, work done on the gas 
in moving along the isothermal 
To from C to D is 

,v r v * , 

pdv = —rTo / dv 

J V c ^ Fc 7 

and if H 2 is the heat liberated 
H 2 =rT 2 log»^ D 
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Fig- 12-4 

Carnot Cycle 
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U% rT 2 log# ^ 

Since A and B lie on the same isothermal, 

P\__Vb 

|>aVa^d Vb or V a • 

po _Fc 

Similarly y> c ~Fd 


• •• 


Again, since A and B lie on the same adiabatic 
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Dividing (tv) by (v) 


pD 

Pb 
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p> Pa-te.p-Y 

pB ^ A 1 c 

Using («) and (tit) in (vt). 
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F b F d , Fb^__Fc 
Fa ' F C ' 01 Fa Fj> 


which, when substituted in (t), gives 

#i_Ti 


— (by (a) above) ... (vH) 


. . . (wit) 


H 2 To — 

Hence •••(viii) 

i 2 

(1) If in (wu) T x =0, also becomes zero, or the zeros of the two 
scales are identical. 

(2) Again if there be 100 degrees between the ice and steam 
points, and if T 0 and 0 O be the values of the ice point on the two 
scales. 

ioo+r o _ioo+0 n 

t 0 e 0 

or T q =6 0 

or the ice point is the same on the two scales. 

(3) Now put T 2 =T 0 and 0 2 =0 O in (viii) and let T x =*T t where 
T is any temperature on the gas scale and if 0 be the corresponding 
temperature on the work scale we have 

T 0 


i.e., corresponding temperatures on the two scales are the same, or the two 
scales are identical. 

(b) Efficiency of a Carnot engine is given by the relation E=l—j^. 

T 

To prove that it is also equal to 1— proceed, as above and 

TT T 

prove that — The required result follows immediately. 

Hi 1 1 

12 9. Clapeyron’s Latent Heat Equation. Consider a Carnot 

engine with one gm. of a liquid 
as the working substance. Let 
the initial condition of the 
i working substance be repre- 

1 £!—, ^ sented by the point A (Fig. 

», dp \ 12.5), so that its volume is v lt 

* A . temperature is 0 while its pres- 

D e e-oe sure is just below the satura- 

tion pressure of the liquid for 

y > temperature 0. The liquid will 

Fig, 12-5 begin to evaporate and when 

Clnpeyron’s equation the whole of it has evaporated, 

it will have a volume v 2 corresponding to B. An amount of heat 
H—L, the latent heat of the liquid at 0. will be absorbed in the pro- 
cess. Having reached B, reduce the pressure on the vapour by dp, 



CLAPEYBON’S EQUATION 


143 


-^-A“ss £ 

the latent heat corresponding original value, thus complet- 

•< 

Thermodynamics can be applied. 

H-dH 0-dO 


• • • 


(0 


H 0 
dH __d0 

or H e 

Now dH=dw=df (u 2 — fi) =the area ABCD and H=I. the latent 
heat ’ henCC d M JO 

L e 

dp __ i 


...(it) 


or 


0 (v*-t»l) 

which is tne , iquid Us gaseous volume ^,^s gmate^r 

»so he ^. ( r^ $ . ** *•»- 

crease as its temperature rises and vice versa. , . 

(2) In the case of melting ice v 2 the ■voiume Therefore 

less than v v the volume of ice taken or 2 i) ^ pmsure 

dp/dd is -v« or the melting point oj the tee is iuu 

acting on it is increased. 

12 . 10 . Example 1 . SSrif: ct Z“f 

1 OTC. Give,, : latent heat of water £ 100 C oOouU ^ ^ 

Boiling point with pressure 0 3i C p / , - 2 

cury 13 0 and acceleration due to gravity— 9 •/ 


d0 

dp 


=037 °C 


or d J=l , 6=100 + 273 = 373. 
01 dO '37 0 


1 atmosphere 


L=535 X 4-2 Xl0 7 ergs 

=.76X13-6X980 dyncs/sq. cm.«l*013x 10^^ cm . 


L 535 X4^2 XlO 7 dynes / sq . cm./degree 

I itnn/ « • \ ■* 


•(i/ f -Vi) '"373K-V,) 


1 


535X4*2 X 10 7 ^ 

■"373(v a -i»i) 

535 X 4-2 X 10 7 


76 


or 


• * 


•37 373(v i -v l ) 

{v t -vj = mi 


1013 X 10 a 
76 

1013 XlO 6 


cm. of Hgl°C 


or 


V . 


1661+1=1062 c.c, 
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[v volume of one gm. of water =^=1 c.c.] 

Example 2. Determine the decrease in the melting point of ice 
for each atmosphere rise of pressure. Given : Latent heat ofice=80 cal; 
J =4 2 xlO 7 ergs/cal ; volume of one gm. of ice=1091 c.c. 


Required 

dp 


= 0{v 2 — v x ) 
dp L 

273(1 — 1 091) , 

== 80x4*2 _ x^i0 7 degrees P er d y ne P er sq. cm, 


...(*) 


The decrease of M.P. per atmosphere will be 1013x10® 
( = 76xI36x980) times (t) 

_273x (-*091) x 1 013 X 10® 

80 x 4-2 X 10 7 
= — 00075°C 


12.11. Entropy. — The conception of entropy is very important 
in the study of the behaviour of heat engines. 

According to the Kelvin’s scale of temperature, the ratio between 
the quantities of heat H x and // 2 received and rejected respectively 
by a reversible Carnot engine working between the temperature 
limits 6i and 0 2 is given by the relation 

or =*L 
H* 0-2 0i 0 2 

This shows that whenever a substance moves between two adiabatics 

AD and BC, along any isother- 
mal path, provided the path 
is reversible, the quantity 
HjO—p remains constant. This 
is called the Difference of Entropy 
between the two adiabatics. 
Since no gain or loss of heat 
takes place when a body moves 
along a (reversible) adiabatic 
path, all points on the same 
adiabatic have the same entropy. 
When, however, a body moves 
from one adiabatic to another 
along an isothermal path a 
change of entropy does occur but 
this is independent of the isother- 
mal path taken, provided it is reversible. Hence Entropy is that 
qu mtity which remains constant during a reversible adiabatic process. 
It is thus a definite function of the state of a body and is not in any 
way affected by the manner in which that particular state has been 
realized. We, however, cannot measure the absolute value of the 
entropy of a substance in any given state. We can only measure 
changes of entropy that result from a change of state of a body. 


\ 



V 

Fig. 12.6 
Entropy 


Hi , H 2 _q 

», • or IT + 



V 


Fig. 12.7 
Reversible oycle 
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Since H, is heat while H, is the heat they have 

opposite signs, or 

Hi __ — H 2 

01 ^2 - - ; 
ie., ^ ctoge o/- «t/ro*y *» «»y reversible cycle ts zero. 

This is true not only for the Car— — 1 h " 
operation, provided it is exactly rever- 
sible. This can be shown by sub-divid- 
ing the cycle into elementary Carnot 
cycles by means of very close adiaba^ 
tics. In the limit AB and CD will 
coincide with the isothermals (shown 
dotted) and may themselves be con- 
sidered isothermals. If dH x is the 
heat absorbed along AB at tempera- 
ture 0! and dH 2 the heat rejected 
along CD at temperature 0 2 we have 
ior the elementary Carnot cycle 

ABCD 

dHi dH t 

17 + 

Summing up for all the elementary cycles, 

I s . - 

the integration extending over the whole area. 

dH AX 

Calling f~ =(t( P- 

we have, Jd<f>=0 

or the change of entropy in the reversible cycle is zero. 

To bring out the real importance of entropy it must be empha- 
sized- that while the heat absorbed or rejected by a substance depends 
ulon the reversible changes that it undergoes, entropy is independent 
‘of these and is defined solely by its initial and final conditions p Entropy 
is therefore, a definite physical entity and is as good in defining the 
state of a substance as are its pressure or volume. 

12 12. We can look at entropy from another angle. Let us 
supply an amount of heat dH to a substance, and let its temperature 
rise bv 0 degrees. Generally, equal additions of heat will produce equal 
increments in temperature, unless an internal change in structure also 
takes place. In the later case, there will be no rise in temperature 
tUl the P change is complete. Proceeding thus we can plot the thermal 
history of the substance ; we have simply to note the value ot 

dH 
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at each step ; 
and 


-/ 


dH 

e 


is the total change in entropy. If we start with a substance with its 
initial temperature in the neighbourhood of absolute zero, and give 
it small equal doses of heat dH, and note the rise of temperature 
T at each step, we will have before us an entropy-chart showing all 
the changes that the substance has undergone along with the tem- 
perature at which each change has occurred. When T-> 0, 
and there is a discontinuous rise in entropy. Such a discontinuity 
always indicates the occurrence of phase-change, like melting, or else 
a transformation of the crystal structure. 

A solid ( e.g ., crystal, in which the particles are regularly spaced) 
must be heated at constant temperature to change its state to a 
liquid. This change is accompanied by a destruction of the ordered 
arrangement of the molecules. There is also an increase of entropy 
because heat has been given to the body at a constant temperature 0 . 
0 remaining constant, dH has increased, hence also the entropy dH/0. 
Similarly a change from the liquid to the gaseous state is a move 
towards perfect chaos and this is also attended by an increase in the 
entropy of the substance. The importance of entropy is thus evident. 
It provides us with a method by which we can watch the internal 
developments in the substance, from outside. According to Boltz- 
mann the entropy of a substance is a measure of the degree of disorder 
pm-ailing among its molecules, just as temperature is the measure of the 
degree of hotness of a substance. Entropy is as real as the tempera- 
ture and is, perhaps, more important. According to the III law of 
Thermodynamics, all substances are in a state of perfect order at 
Absolute zero of temperature and their entropy is therefore zero. 

1213. Entropy of an ideal gas- We have seen that 

dH=dU+dW (*) 


Also 


. dH 
d<?= ~Y 


or dH = Td<f. (putting T for 0) 


and (i) gives 

Td< f >=dU+dW {it) 

For an ideal gas, dU—Cv.dT and dW=p.dv for one gram of the gas. 
Hence {it) is transformed to 

Tdy=zCv.dT-\-pdv 


or 


dy=C - T- 4- 


dv 


But pv=rT 


• t 


, r dT , dv 
d(p=Cv -jr- -\-r v 


9 


Integrating, J dy=Cv J 


T 
dT 




v 

J ^ V 


<Po 


V, 


V 


entropy 
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or 

or 


^-^Cv.nogT-logTol+rtlogv-logo.] - 

- 7 ^Xt^^T entropy of 1 gm. of nitrogen 

^eM^pJtnetel from 50° to 100° while ^volume 
Tur-fold, given that Cv^0-18 and molecular we,ghi=28. 

T v 

From (mV), y-y 0 =Cv log e -^ + y °& e V{ 


=0*18 323 

= 0 • 1 8 — 2 • 3026 [log 

=0-58 cal/degree. 


, 373 1 ° 8-31X10’ . 4 

l°g« ooq 28 4*18 XlO 7 1 

373 1-936 1 4 n 

io -323 + 28 1 gl ° J 


to lower its P temperature. Hence in actual practice. 

' Hi . Jh 

T{ * Bo' 

because 0 2 is less than its ideal value B\ if no heat losses had occurred. 


H 

e, 


2 


H 2 

6 ' 


and 


H 

e 


+ 


H. 


will he a positive quantity which will go on increas- 

3» 

entropy will go on increasing, tending to a maximum value, 
it is interesting to 

towards establishing an equality P b reached when, due to 

bodies. A state of stagnation will u tmately be re impossib ie. 

impossibility of transference of hea^all work w^ ^ J mQtion 

Differences of temperature ai P , t ] ie universe will die 

will cease as a result of { 7 ctl « n ^ the universe 

of inanition. In terms of entr PY» proceed no further. 

S£sr»£ su s-s* of 

universe ! . 1nn 

12.15 Example 1- 

ZZiigthanhl 4° heat of water is 1 cal, gram at all temperatures. 

‘ Let T be the final temperature, then 
> 100 (30— T) =200 (T— 0), 

r=io°c 

” Mow dB =m.sd( =100 x 1 x i0 = lOOdS 
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(*) Decrease of entropy 

log 10 303 =2-48144 'j 
log 10 283 =2-45179 y 
log 10 273=2-43616 J 


-/ 


10+273 

ioo de 


.ill 


30+273 


e 


I . t 


100 [log e 283— log 8 303] 

100 x 2-3[log 10 283-log J0 303] 

-230x002965 

-6*82 






(it) Increase of entropy = J 


283 

200 d$ 
9 


273 


=200x2-3 [log 10 283-log 10 273] 
=460x001563 


VI 


l. 


=719 

Increase of entropy =7*19—6-82 

=0-37 units. 

• / - 4...’ ' r r; * _ j V ^ •, 7 # j* i\i 

Example 2. 10 gms of steam at 100°C pass into 100 gm. of water 
at 15 C C. Calculate the change of entropy. [Latent heat of steam=S36 
calories.] 

Let 6 be the final temperature, then 

10x1 + 10(100— 0)=1OO(0— 15) • 
or 10x536+1000 — 100=100 0 — 1500 


or 


0=71-5°C. 


(t) Increase in the entropy of \vater=100 J 


71*5+273 

d9 


9 

15+278 


= 100x2*3 log 10 


344*5 

288 


(*0 Decrease in the entropy of steam=10 J 


100+273 

d9 


l 


9 

71.5+273 


-10x2-3 log 10 >- 

Hence increase of entropy =17-76— -81 = 16-95 units. 

12,16+ Maxwell’s Thermodynamical Equations, — According to 

the First law ol Thermodynamics 

dH=du+dw ... ..... 

.... lf a substance expands by dv against a pressure p, work done is 
avV=p.av and ( 1 ) becomes. 

dH=dU+pdv, . o'. I (it) 


THERMODYNAMICAL EQUATIONS 

Also from the relation for entropy 
| i<p= (putting T for 0), 

we get .. <*H=Trfc?. 

Substituting (iii) in (ii), 

. T dy=dU-\-pdv. 

Now if <p, U, v be considered functions of * and y, 

*9=^ c - dx +§- d >- 

dU j . dU , 

dU= — . dx+ dy , 
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.. m 

... {iv) 


and 


dx 

dv , , fti i 

iv =Tx ' + W y ' 


• • • 


(V) 


Substituting {v) in {iv) we have, 


, **Wi-**% +WZ-****)* 

Equating the coefficients of dx and of dy on both sides of .(»»)■ 

* ° _ O'/N O.. 


w 4 * 


ia<p 


du dv , Ta<p du dv 

+> ai and + * ¥ 


Ot 


dv dll Td<p dv_ 
p ~dx^ dy dy P dy' 


-Now 


• • 


dx " dx 
du Td<p 

-a* * a* 

a / du \ 0 /0w \ 

, fy\.dx 'dx\dyj 

0 /-0? t ^ 

* a*' dx \ 0y F 


M 


i • 


II 


ay r ay 

av a/> 

0y - $y * 


) 


05X T a* y d%J ' dx 

1 After simplification, we get 

aT a 9 ST . 3?_ . 

£" 7y~W to- dx dy ty dx 

■ Now * and y can be any too variables out of p, v, T, ?• 

— * 4 t « 


dv 


(viii) 


Fir«t Equation of MaxwelL 

&h ■ &>. -<£>• ■ 




(•'*) 


where, for instance, ) JJ means change in entropy, 9. with a 
change in temperature T, when volume, ». of the substance is kept 

constant and similarly for others. Now (gj) when T is constant, is 

zero, so also (^) v * s zer0 ' an ^ (sxX and )t 


are both unity. 
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i » 


Hence (ix) reduces to 

/?£ \ /?P \ 

\8v/T -\dT/v 


Clapeyron's Equation can be easily obtained from relation I of* 
Maxwell. 


Multiplying both sides of I by T, 


Since T is constant, T on the left side can be taken within the brackets, 
and 

&>T 


or 


dv/T - ~\dT 

(*5) =j( e £) 

\dv'T \dT/v 


i3it*2 


For a liquid, dH- L, the latent heat (Art. 12.9) and dv=v t — v v , 
the change of volume, • - 


Hence, 


— — = t(-£) 

v 2 ~ v i ' 9 T 'v 


dp 

dT 


( 


r(v 2 -vi) 

Second Equation of Maxwell. Putting x=p, and y=T in (viii) ’ 

aF\ /dp\/dT \ /d9\ _(dp\ (dv\ /9 P\rf v \ 

U Var/A ** -\-bph ' dT'p ~\r)p^h. 


a p )t {dT/p-^dT/pVdp 

This simplifies to 


/9?\ _ 

\ a-* / j~ \?\Th *" 


a p't- va T'p 

Multiplying both sides by T 
Now 1 dv 


II 


• • • 


... (. x ) 


a= ~^' ‘ gj- > s the coefficient of volume expansion 

under constant pressure 
(x) reduces to 

(dp )r = ~ T - v - a - 

For the III relation put x=y and y=v and for the IV relation 
\\\t x—<p and y=p in (viii). We get easily 

(—) —fit) 

'0y/<p *” *•* ••• HI 


and 


< dT \ = /j® \ 

' dp '<p \ 99 / p 


... IV 
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QUESTIONS 

reversibility in actual pract ice ? f thermo dynamics and 

show^that^th^Ke^vin^and^Clausiu^forms are two ways of looking at the 

"TZts the working »f a Carnot engine Bring out its importance. 

- — - 

perature limits have the same efficiency. D , atinum resistance 

scaletd^rrfscXrtem;— . State the merits and dements 

0f “? TrTefly explain the Kelvin’s scale of temperature. Establish the 
identity = it an^the portance and show that the 

entropy of the universe tends to a maximum. and 

arrive at^L« " l tern- 

perature 85S £ ^ “ 10 ° 5C=539 ^ 
5=4-2x107 ergs /cal., volume of steam formed 16/0 c.c. 

[Hint:- 

, 630x4-2x10? , * cm.offljr& 

dpldd~ 373(1670-1) X 1 013x10* 

=2-7 cm. of mercury /°C at 100°C]. t 

„ 30 grams of water at « are mixed with 60 grams of water at 

^^^“Crne^ in the carnet reversible engine. 

1 DefutTnCe^nZ the. efficiency of a carnet engine or show 
that the efficiency of a camot engine is 

£7=1-— • 

13 Deduce the Clapeyron's’ equation «) by considering a camot cycle 

<«> fr^rate^yoXTopy and bring out the importance of on- 
tropy in thermodynamics. in a reversible cycle is zero but 

that in - » measure 

of the* de^oTdirder pmvaffittf , = its 

17. Deduce an expression for the ent i y hydrogen when its 

18 Deduce the Maxwell’s Equations. 

(f)r -(,¥). 

(IpT = ~^W)p 
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CHAPTER XIII 
CONDUCTION 


The man who never made mistakes, never made any- 
thing. Make your mistakes the stepping-stones to suc- 
cess. When you do anything do it so well that there is 
no need to do it again.— Nehru. - u 

I shall abide by my reason, because with all its weakness 
there is some chance of getting at truth with it. 

— Vivekanand. 

13.1. Heat can travel in three ways— by Convection, by Conducr. 
tion and by Radiation. 

In the process of Convection, heat spreads in a body by the 
actual movement of its molecules and by its very nature is possible only 
in liquids and gases. The molecules near the source of heat, absorb' 
some of the heat, expand and get lighter, and therefore rise up giving 
their places to their colder neighbours which also behave likewise.. 
Convection currents are thus produced in the liquid and gradually the ' 
whole mass is heated up. 


In the process 



Fig. 13-1 

Convection of heat. 


of Conduction, heat flows from the hotter parts 
of a body towards its colder parts without any 
visible movements of the molecules taking place . 
The molecules at the hot end absorb energy 
from the source of heat. This increase of heat 
increases the molecular kinetic energy. Thk 
molecules begin to vibrate about their mean, 
positions faster than before. They transfer a 
part of their energy by collisions to their slower- 
moving neighbours, with the result that the 
latter quicken their vibrations (and hence Slioty., 
a rise of temperature). The absorption of heat 
from the source and its transference from one . 
layer of molecules to the next, by collisions, 
continues till the heat reaches the most distant 
parts of the body. We find that in conduction 
the molecules keep on oscillating about their mean - 
positions while heat travels onwards. Conduction 
is a very slow process because heat has to 
travel from molecule to molecule. - ■ -•a 


Conduction of heat is possible only if differences of temperature 
exist between the various parts of a body and the flow of heat alwayfc) 
occurs in the direction of fall of temperature. Heat travels by conduc- 
tion in solids, but may travel in liquids and gases as well by the same 
process under suitable conditions. l>-.l 
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In the process of Radiation, heat travels directly from one body 
to another, the intervening medium exhibiting no nse of temperature. 
The rapidly oscillating molecules of the hot body produce waves in 
the all-pervading ether. The waves carry the energy which they 
have absorbed from the hot body with them, and when hey fall 
on the surface of a colder body they transfer their energy to its mole- 
cules. The molecular kinetic energy of the latter increases and a rise, 
of temperature manifests itself. The heat thus transferred is called 
Radiant Heat to denote its method of transmission. It travels m 
straight lines and shares the other properties of the light waves. Heat r . 
cbiries to us from the Sun in this way, 

A metal rod with one end in fire is heated by conduction a 
kettle of water placed over the fire is heated by convection while a 
person sitting in front of the fire gets the heat by radiation. 

13.2. Conduction along a Metal Rod.-If one end of a metal 
rod be projected into a steam chamber and thermometers be placed 
in holes drilled into it at equal distances along its length, ^ observ- 
ed that the thermometer nearest the hot end is first affected but 

gradually the heat travels onwards and one thermometer after the 
other begins to show a rise of temperature Since the tem^ratilre 
at various points of the rod is changing, its state is said to hc ^ arta le 
A portion of the total heat that enters any section of the ^d 's retaim. 
ed by it to raise its own temperature another portion of the heat is 
transmitted forwards and heats up the next section wh e the rest of 
the heat is lost by radiation from the surface of the rod. 1 he moie 
distant a section is from the hot end, the greater is the proportion of 
Y^rMchislost by radiation from the portion of the rod between the 
hot end and the particular section and therefore, the lower is its tem- 
perature. If the loss of heat by radiation be diminished b >\ c ° ver ‘ ng ^ 
rod with felt the various portions of the rod will show lngher tci ?P^- 

ratures than before. In t.!e iniM stages of ^ 
nf the material also plavs an important part. It the spccinc near is 

low, the rod will show a liigher temperature for a given amount of heat 
absorbed, than otherwise. 

For some time, the temperature at various points goes on nsing 
till the steady state is reached. Thereafter, the temperatures indicated 
by the various thermometers become constant and cease to rise an> 
further This shows that no more heat is being retained by any 
section of the rod After the steady state has been attained, the 
specific heat ceases to play any part vyhatsoever because no portion 
of the heat is being retained to produce a rise of temperature. 

13-3 Thermal Conductivity.- The quantity of heat flowing 
across a* parallelepiped .after the stationary state has been reached 

depends . . 

(1) on the area, A, of the face H, on which the heat is incident , 

the larger this area is, the larger is the flow of heat, 

* (2) on the difference of temperature, (0i-0a)> between the hot face 
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H and the cold face C ; the greater this difference of temperature is, 
the more rapid will be the flow of heat. 


(3) on the time, t, for which 
the heat flows ; more heat will 
flow in a longer time, 

(4) on the nature, K, of the 
material of the parallelopiped, 
the rate of flow will not be the 
same for, say, iron and copper, 

(5) inversely on the distance 
between H and C i.e., on the 

Flow of heat across a rod. thickness, d of the parallelopiped. 

Since the heat flows from molecule to molecule, it will flow faster if a 
smaller depth of the molecules has to be crossed. 

Combining all the above factors 

<2 = — K.A. dl -J~ *-.* 



the negative sign is put because the temperature decreases as the dis- 
tance from the hot end increases. 


K is called the Thermal conductivity of the material. It is the 
amount of heat that flows per second across one centimeter of the material 
having one square centimeter face-area, when a unit temperature differ- 
ence exists between its hot and cold faces. 

If only small sections of the material are considered at a time 
(and not the whole rod together), we have 



dd 

dx 


■is called the temperature gradient and is the tangent of slope of 


a curve showing temperature against distance, at a point distant x 
from the hot end. 


Example. — The thickness of ice on a lake is 10 cm. and the tem- 
perature of air is —10°C. At what rate is the thickness of ice increasing 
at this moment and approximately how long will it take for the thickness 
to be doubted ? 'Thermal conductivity of ice=0 004 cal cm r 1 sec- 1 °C~ 1 , 
density of icc—0 92 gmjcc. Latent heat of ice 80 caljgm.] 


<?=-'- 


K.A. (0,-Of) 



K =0004 

Q= 


O l -0 2 =[0-(-\0)] = 10 ; t=l ; d = 10 


004 x A xlOxl 

10 


— •004 A calories. 


Ice formed = 


•004 A 
80 gm ' 


•004 A 
80x-92 C C - 
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•004 A . 

/.Rate of increase of thickness of ice = g0>r92x A Cm * /sec 

=54x10-® cm. /sec 

Time reqd. for thickness to be doubled 


...(0 


i.e., to be increased by 10 cm. = 


10 


sec. 


54x10 6 
= 1-85 X 10 5 sec. 




13 4. Flow of heat in a bar of Uniform Cross-section. 

Consider a rod of uniform cross-section which is being heate 

•Y' 

H 



DIRECTION OF 
HEAT FLOW 


Fig. 13*3. Flow of heat along a rod. 

at the end H. Heat is flowing in the direction of the arrow towards 
the cold end C. Consider a vertical section of the rod of thickness 
dx at a distance x from the hot end and let the temperature at the 
face F x of this section be 0. The temperature-gradient at the lace t , 
is de/dx and the heat flowing through it per second is -K.A. cw/ax. 

The temperature at the face F 2 is 0+ dx and the tempera- 

ture-gradient there is dx) . The heat following out 

through F t per second is 

3 dd 


- KA ^( e+ ^x- dX ) 


The net gain of heat by the section dx is 

"-[-** 4-(*+ 


-KA 


dx 


* *)] 


dx 


T , . d*0 j 

= KA I*' dx 


This heat is being partly used up in raising the temperature of the 
section and is being partly lost by radiation from its surface. If p be 
the density of the material of the rod, the weight of the section is 

AJx.p and if-^-be the rate of rise of temperature and S the specific 
heat of the material, the heat retained by the section for a p'se of its 
temperature is Aix.p.S.^. The loss of heat by radiation is pro- 
portional to the area of the surface of the section i.e., to pJx where 
p is the perimeter of the section, to the excess of temperature 0 of the 
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rod over surroundings and to its emissive power E, and is equal to 

E. v.dx.6. Heifoe ,:j ' '• •'*' ,/ 


E. p.dx.d. 

( 0 - 


KA ^^-.dx=p.A.dx.S ~~-{-E.pdx.O. 


•T 


when the steady state is reached, the first term on the right vanishes 

d*0 

KA — ir . dx=Ep.$.dx. 


I » • 


and 

Ttl... 


or 


!•')> 


dx 2 
d 2 6 
dx 2 



-Ip q 

“XT'® 

9 

=m*e. 

lveihis equation put $=e nx . 

A- 


• - «. • 


and 


dx 
d 2 9 
dx 2 


=n.e nx 


— n 2 .e nx . 



Substituting in (i) n 2 »m* or « = ±w 
and ■ 1 ^_gnu or, 

The general solution is 

where and £ are constants depending upon the conditions prevailing. 

13.5. Measurement of Conductivity. In the Searle’s method, 
one end of the experimental rod is projected into a, steam chamber- 
Millie the other projects into a chamber filled with ice. Two thermo-' 

meters are inserted into’ holes i 

>4 ' > 

drilled one near each end and 
the rod is carefully packed 
with felt to prevent loss of_ 
heat by radiation from its* 
surface. The temperatures 
of the two thermometers are 
noted after the steady state 
has been reached. The heat 
flowing in a given time across , 
the rod is calculated frQtti 1 
the weight of ice melted.^ 
The distance between the tW* 
thermometers and the area of 
cross-section of the rod - af£ 
also measured. K is de^r-, j 
mined by using the relation * 



h 


Fig. 13.4 
'"i Searlqls method for K. 


-Ul r » r 




Q = -KA 


e x -e 2 
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irlfBfee method. t though straightforward, is , not .capable pigieat^ 



FORBE’S METHOD 1*7 

accuracy because loss of heat by radiation cannot be entirely iliminat- 
ed, no perfect insulator of heat being known. v , 

13 6. Forbe’s Method for K. In the method due to Fwbe the 
^5dis not padded. Radiation occurs freely and the total heat thus lost 
by the rod can be calculated. Two experiments have to be performed 

the statical and the dynamical. _ _ 

(1) Statical Experiment. One end of a rectangular metal rpd, 
7 feet long and 1-25" X 145" cross-section, is inserted in a cast-iron 
cup C containing molten lead. The molten lead .s mamtamed at a 
constant temperature by adding fresh pieces of lead to it from time to 



Fig. 13.5 

Forbes’ method for K. 

time. The rod is painted white and thermometers are P^ed^all 
along its length at 3" intervals into holes bored m the rod. ^ 

screen S, protects the thermometers from gammg etcadv state 

the bath by radiation. When after about 8 hours the ste dy^t^ 

has been reached, the various thermometers are • „ t he 

meters at the distant end are hardly affected and only ^cate^tne 

room temperature. A curve is then plotted e \ 

0 at any point and the distance * of the point from tl* hot 

The slope of the tangent to this curve at any point gives ^ ther6 ‘ 

This is called the statical experiment because the 
; point of the rod becomes stationary before observations arc 



> • 
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(2) Dynamical Experiment. A rod identical with the previous 
one in cross-sectional area and in the nature of its surface but only 
21" long is heated to the temperature of the molten lead. It is then 
placed on two poorly conducting knife-edges and allowed to cool. Its 
temperature is recorded everv half-minute by means of a thermometer 
placed in a hole drilled in the middle of the rod. A curve showing 
excess of temperature of the rod over its surroundings against time is 

plotted. The slope of this curve at any point gives the rate at 

which temperature falls for that particular excess of temperature. The 
heat lost per second for that temperature-excess by unit length of the 
rod can be calculated if the specific heat and specific gravity of the 
material are known. 

Heat lost per second, M.S.Q 

dO 

= (volume of unit length of rod x sp. gravity) X specific heat X . 

dOldt is the fall of temperature in unit time. This also measures the 
heat, Q, that crosses any section of the rod, in the steady state. K 
is determined by dividing Q b}' the area A of the face and by the fall 
of temperature dO/dt per unit length. 

Proceeding in this manner, the thermal conductivity of the 
material can be determined for various temperatures. K is found to 
depend on temperature. 

The method is open to the following objections : — 

(1) The molten bath can never be kept at one uniform tempera- 
ture for hours together. 

(2’ The steady state is never truly reached in such a big rod. 

(3) Newton’s law of cooling is supposed to be true for various 
temperature-excesses, for which there appears to be no justification. • 

(4) The method is very round-about, long specimens of the 
material have to be used and prolonged heating is necessary. 

(5) It cannot be directly used for studying the variations of K 
with temperature with any great accuracy. 

The following method due to Lee is free from these objections 
and is a much neater and a very compact arrangement. It can easily 
be used to determine K over a very wide range of temperatures^'^'-"- 

Change of conductivity of metals with temperature : — 

I 1 I I i ; 

Metal Temp. K. metal Temp. K 
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LEE’S METHOD 

13.7 Lee’s method for Metals (conductors). A small rod L of 
the metal 7 cm. long and -58 cm. section is held r-. ^ n 

in a socket provided in a thick copper disc D, 
which is itself secured to the lower end of a 
copper cylinder C. This cylinder is supported 
in a Dewar flask in which any desired tempera- 
ture can be produced and maintained (because 
escape of heat is difficult across the flask). Two 
brass sleeves T x and 7 2 are placed round L and 
can easily be adjusted at any desired distance 
from each other. Platinum wires of two re- 
sistance thermometers are wrapped round T x 
and T, and a heating coil H is provided at the 
top of the rod. By varying the current through 
H, any suitable temperature-difference can be 
established between the points T x and T 2 on the 
rod. 

In order to determine the conductivity of 
the substance at any temperature, it is first 
cooled a few degrees below that temperature (if 
it is not already at a lower temperature) by 
pouring liquid air into the flask. When the . . 

necessary cooling has been produced, the remaining liquid air is pour- 
ed off The evaporation of the liquid air leaves the apparatus dry 
and this is the merit of using liquid air as a c °oh n g agent. The rod 
is now warmed up to the desired temperature by passing an electric 
current through the coil P 2 which is wrapped round the copper 
cylinder C. When the desired temperature hw been reache^ tl 
current is now switched off. A current is then sent through tl, tne 
Strength / of the current is measured «ith a sensff.ve ammeter ^ 

accurate voltmeter ^o)ned^inpamllels across them. When t, s d 

the heat calories generated br the current to the .heat 

K.A . — — - . t flowing across the rod. Hence 
d 


Fig. 13.7 

Leo’s method for 
metals 


KA. 


e x -o 2 E.i.t 

d * 4 ; 2 


K= 


E.I.d. 

t-2A(e x -0 2 ) 


• • • 


(0 


There is, however, an important source of error in this experi- 
ment. The heat from the rod flows into the copper cylinder which is 
warmed up as a consequence and then tends to raise the temperature 
of the rod itself by radiating heat to it. This means, in other words. 
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that the steady state is never truly reached. The consequence of this 
heat radiation is that the temperature of the thermometer T 2 is higher 
than it would have been otherwise. To estimate the error due to this 
cause, a coil of wire P x having exactly the same resistance as H is 
wrapped round the cylinder C and a current is sent round it for some 
time till T x and T 2 indicate steady temperatures. This is done before 
starting the main experiment and also after the main experiment is over. 
If d x and d 2 are the temperature-differences between T x and 7\> (T 2 
indicating the higher temperature) in the two cases, the correct 

difference of temperature between 7\ and T 2 will be 

and not {0i—0 2 ) as given in equation ( i ). This correction is accord- 
ingly made. ' *• 

Since only small samples of metals are needed and since the 
apparatus can be built up in a Dewar flask, it is an ideal arrangement 
for determining K at different temperatures. 

13.8 Angstrom’s method for K. In this arrangement, one end 

of the experimental rod is alternately heated and cooled. The end 
projects into a chamber through which steam at a known temperature 
is passed for 12 minutes. Steam is now shut off and cold water at a 
known temperature is then circulated for 12 minutes. The water is 
now replaced by steam again, and so on. Whenever the end is heated 
a. heat-wave travels outwards from it and when it is cooled a heat- 
wave flows towards it and these two waves flow alternately across the 
rod in opposite directions. When heating has continued long 
enough, the periods develop them- 
selves completely, in which case the 
mean temperature at any point of the 
bar preserves some constant value. 

Moving the junction of a thermo- 
couple along the rod, a point such as 
A is determined showing the maxi- 
mum temperature. Taking another 
couple and moving it towards the 
right a point B similar to A is found. 

Then AB— ^ , the wavelength of 
the temperature wave. The time 
/=24 minutes, 

Conductivity is determined by using the relation 

K _ a 2 

pS 4t tT 

where P is the sp. gravity and S the sp. heat of the material of the 
rod. 



Fig. 13.8 

Angstrom’s method for K. 
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Thermal conductivities of metals at ordinary temperatures. 


Metal , 

K 

Aluminium 

0-604 

Copper 

0-918 

j Steel 

0113 

Lead 

0-083 ! 

Mercury 

0-0197 

Silver 

0-974 

Brass 

0-260 


13 9 Conductivity and Age of the Earth. The above method 
has been used to determine the conductivity of the earth’s crust. 
The earth is heated up during day-time and cools down during the 
night and a daily heat-wave penetrates into the earth’s crust. Again, 
there is also an annual wave because the earth absorbs more heat 
during summer than during winter. The temperatures at various 
depths are measured by embedding thermometers and K is determined 
bv using the above formula (art. 13 8). The daily wave reaches a depth 
of about 3 feet but it is found that the annual wave penetrates about 
19 times as much as the daily wave does. Its progress into the earth 
is, however, very slow, i.e., 4 cm. per day only. 

The temperature rises steadily at the rate of 1°F per every 60 
fftpt of descent into the earth’s interior. Hence heat must be flowing 
all the time from the interior of the earth outwards. Lord Kelvin 
has tried to calculate the age of the earth from a knowledge of the 
rate of loss of heat from its surface. Kelvin thinks that when the 
earth was in a molten condition, the temperature throughout the fluid 
mass was 3900°C. The problem is how long will it take for the 
earth to cool from 3900°C, for the present temperature gradient to 
be attained, supposing that the surface temperature of the earth now 
is approximately 0°C. He finds that at the present rate of loss of 
heat by the earth it must be over 100 million years when the earth 
was in a molten condition. This estimate is however too short, 
because the radio-active bodies inside the earth are continually 
generating large amounts of heat by spontaneous dis-integration. 
This will continually slow down the cooling of the earth. 

Bv a study of the proportions of isotopes of lead in radio-active 
rocks, Professor Holmes of Edinburgh (1946) has put the period at 
3,360 million years. This has been done in two ways. 

(i) By losing successively 8 a-particles, the radio-active uranium 
is converted into stable RaG (which is lead). Knowing the proportion 
of lead in Uranium-bearing rocks, and the rate of dis-integration of 
Uranium, the age of the oldest rocks on the earth can be calculated. 
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(it) The a-particles lost by the Uranium are retained by the 
rocks and are gradually converted into Helium gas which does not 
escape until the powdered mineral sample is dissolved, fused or 
heated. The liberated gas can be collected and measured. Knowing 
the rate of decay of Uranium the age of the rock is determined. 

13.10. Conductivity of Crystals. Although metals have the 

same conductivity in all directions across them, 
it is not so in crystals. Their conductivity is 
usually different along the various axes. This 
can easily be shown as follows. A thin plate 
cut out of a crystal is thinly coated with wax 
and set up horizontally. A resistance wire 
passes vertically through a hole bored in the 
centre of the plate. When the wire is heated 
electrically, the heat flow's outwards from the 
wire on the crystal plate. It is found that the 
area over which the wax is melted is oval or 
elliptical in shape. Had the conductivity been 
the same in all directions, the area would have 

been circular. 

The actual conductivity along any axis can be determined by 
cutting a thin plate out of the crystal in a direction perpendicular 
to the axis and placing it between two metal discs. The top disc is 
heated and heat flow’s down the crystalline plate into the lower disc. 
When the steady state has been reached, conductivity can be cal- 
culated in the usual manner. 

• 

There is an extra-ordinary increase in the thermal conductivity 
of crystals at low temperatures. K for a quartz crystal at room, 
temperature is about five times that of quartz glass, but at the 
temperature of liquid hydrogen it becomes 500 times as much. This 
has been explained by Eucken on the hypothesis that crystals consist 
of atomic lattices. 

13.11 . K for Poor Conductors. The heat flowing across poor 
conductors like card board, wood, etc. for reasonable differences of 
temperature between the end faces, will be too small to be measured 
with accuracy, while the major part of the heat will be lost from- 
their surfaces. In a method due to Lee a circular disc S of the mate- 
rial, 4 cm. in diameter and a mm. or two thick, is held between two 
similar copper discs C x and C 2 . Glycerine is thinly applied to the 
two faces of S to secure good thermal 
contacts with C, and C 2 . An insulat- 
ed, flat heating coil of platinum // is 
placed between C 2 and another copper 
disc C 3 . The heat produced in the 
coil quickly spreads over the copper 
discs and falling on the entire face of 
5 flows normally across it. Since the 
heat lost by a body depends on the 
nature of its exposed surface, the pile 



Fig. 13.10 

Leo’s method for Poor Conductors," 



Fig. 13.9 
Conductivity of 
Crystals. 
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of the discs is varnished over. Thermo-couples are inserted in the disc 
C 3 on either side of S into C x and C 2 in small holes drilled in them 
for the purpose and the whole arrangement is suspended in a constant 
temperature enclosure. 

The heat flowing across any plane in S in unit time is partly 
lost by radiation from its own surface while the rest, which is passed 
on to Cj is lost from its surface. If a, a v a 2 , a 3 , be the areas of the 
exposed surfaces of S, C v C 2> C 3 respectively and 6 be the tempera- 
ture of the enclosure, the heat lost from the surface of S is, by 

Newton’s law of cooling, a. a. ( 2 d) and the from the sur- 

face of C x is a . a x [0i—6) where a is a constant depending on the 
nature of the exposed surface. 

The total heat flowing into S is 

J " <y . a.( o')-]-** • a i(0i — 6) •••(0 

and that folowing out of it is 

v. O.d. (di — 0). •••(*0 

Q Q 

The heat flowing across any section of S viz., I<A * s tlie 

average of the heat flowing into 5 and the heat flowing out of it. 

Hence 

ka [ a ( 9 }±h—e ) 

= f[ ° (— 2 1 “ - 9 ] -<*w 

To determine a, we make use of the fact that when the steady state 
is reached, all the heat that is produced by a current of / amperes at 
E volts is lost by radiation from the outer surface of the pile of discs ; 

hence 

=o[a 3 (0 3 — 0) + a 2 (0 2 — 0) + a —0 ) + a 1 (<? 1 — 0)] ...(w) 

-using the value of a from (iv) in (Hi), K can be calculated. 

The poor conductors find a ready application in designing the 
walls of ice-houses, furnaces and boilers. Materials, whose conducti- 
vity is the least, are employed, to cut down the flow of heat across 
the walls to a minimum. 


K for poor conductors. 


Poor Conductor 

Conductivity 

Poor Conductor 

Conductivity 

Window glass 

2-5x10-8 

Mica 

1 1-8 1 

* Teak wood 

0-0 

Paper 

0-3 

^ Asbestos 

0-3 

Rubber 

0-45 

Card board 

0-5 

Sand 

013 

Cotton wool 

000 

Silk 

0-22 

Cork 

Oil 

Slate 

4-7 

Felt 

0-09 


1 1 
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13.12. Laboratory Method for K for Poor Conductors. If the 

poorly conducting material is 
available in the form of a thin 
disc S e.g., rubber, leather, 
cardboard, it is placed in bet- 
ween a hollow box of copper 
C through which steam is 
flowing and a copper disc JD. 
The surfaces of C and D are 
nickel-plated to obtain good 
emissivity. The three i.e. C, 
Heat will flow vertically down- 
The temperatures on either side 





Fig. 13.11. 

K for poor conductors. 


5 and D are placed in close contact, 
wards in the direction of the arrow, 
of S are read on the thermometers T x and T 2 embedded in C and D 
but close to S. Let their readings in the steady state be T x and T z . 

If d be the thickness of S and K its thermal conductivity, heat 
flowing through it per second is 


K- l ~ T * 


...» 


where A is the area of cross-section of S. 

To calculate the rate of loss of heat from D (the loss from the 
curved surface of 5 is negligible, because its thickness, d , is very small) 
in order to calculate K, a cooling curve is plotted for D for a tempera- 
ture-range (7\,4 20 c ) to (T 2 — 20°) from which its rate of cooling, dOidt, 
at the temperature T z can be obtained. If M be the mass of D and s 
the sp. heat of its material, the heat lost by it per second is 

de 

M.s. 


dt 


Equating it to (t), we get 


. T x —To . ,, de 

K, — ■ * - . A =M.s. 


dt 


from which K can be calculated. 


13.13. K by Cylindrical Tube Method. Let A B be a cylindri- 
cal tube of internal ra- 
dius r lf external radius 
r 2 and length l. Let heat 
be travelling from inside n 
to the outside. In the 
steady state the lines of 
heat-flow will be radial _ (*) 

and symmetrical as Fig. 13.12. Heat-flow across cylindrical tube 

shown by arrows. Let 6 be the temperature at a distance r from the 
axis, the temperature gradient is dO/dr. The heat flowing per second 
across a shell of radius r is (since area of shell is 2 it r.l) 



Q=-K(2vrl) 


de 

dr 
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dr 


or 


Q.-—— =—K.2it l dQ 


Integrating 


and 


Q log *-=-#2* i (e 2 -ej 

r i 

K =h >< loge * -« 


62 

To determine the thermal con- 
ductivity of rubber, a 'rubber tube 
(Fig. ii) is taken whose length /( = 
AB ) dips in a calorimeter contain- 
ing a known mass of water. If 6 1 
be the temperature of [steam and 



STEAM 

N FROM 
BOILER 


an 


Fig. 13.12. K for rubber tubing 
fl 2 = ^ — (where 0' and 0" are the initial and final temperatures of 

A 

the calorimeter) be the mean temperature of the calorimeter, Q can be 
easily calculated and K found out using relation (*). 



r. 


To determine K for glass, given in the form of a tube (Fig. iii), 
the tube is heated on the outside by surrounding it with a steam 
jacket, a stream of cold water runs through the tube, the temperature 
of the water is determined at inlet and outlet. A wire, in zig-zag 

form is put in the tube to keep the water well- 
stirred while it is running through the tube. 

1314. K for Liquids. When a liquid 
is heated from below, convection currents are 
set up in it and they carry the heat with 
tliem. The whole liquid mass is thus heated 
up. While studying conduction in liquids, 
all convection of heat must be avoided. 

‘ This is done by supplying heat to the top- 
most layer of the liquid. Experiment shows 
that heat travels very slowly down the 
liquids i.e., liquids are poor conductors of 
heat. 

In the experiments of Despretz and 
K by Desp'rou method. Bottomley the, liquid was contained in a tall 
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wooden cylinder and two thermometers Tj and P 2 were placed hori- 
zontally in the liquid, one near the top and the other near the bottom. 
The liquid was heated by pouring boiling water into a copper vessel- 
floating on the top of the liquid. The chief difficulty in these experi- 
ments was that even after forty hours of continuous heating, a truly 
steady state was not reached. 

Lee s arrangement : — Lee has used an arrangement similar to that 
for poor conductors, in the case of liquids! The slab S is replaced by a- 
hollow ebonite ring containing the experimental liquid. The heating is 
done at the top as usual but a thin disc of a partially-conducting mate- 
rial is interposed between the heating coil H and the copper disc C., to 
ensure a steady but slow flow of heat downwards. Since the thickness 
of the liquid layer is 2 or 3 mm. only, the steady state is quickly reached 
and the experiment yields very accurate results. C lt C 2 , C 9 , C A are thin 
circular copper discs, P * 

is a disc of poor con- 
ductor, L is the liquid 
and R an ebonite ring. H 
is the heating coil. 

The current in H is 
started and when the 
steady state is reached, 
the temperatures 6 X and 

0 2 on either side of P, 

and 0 8 and 0 4 on either Fig. 13.14 K for liquids (Lee)./. 

S1 /<' 1 °i 1 t^-0 2 ) meaSUred ‘ TllG ^ flowing P er second across P 
1S _ 1 ' where A i is its area of cross-section, d x its thickness 

he S at°W Ct f V n ty ' , J he 0UtS i de o£ the P ile is P° lished over to 

Hence ^ ,eiwi 6 CUrvad SUrface to a “g^le amount. 

amounts of S g across P must flow across R and L. The 
amounts of heat flowing across R and L are respectively 

XA(e,-gj 

^ (L 

Hence K 1 A x \d l — 0 2 ) 

a ‘ d ~~ 5 

from which K is calculated. 1 

13.15. Conductivity of Gases. Gases are very poor conductors 

heat. The warmth of winter 
clothes is due to the large masses of 
air present in the texture of the 
cloth which serve as heat insulators. 
Hydrogen gas is a comparatively 
much better conductor of heat than 
air or any other gas. This can be 
easily demonstrated. Two glass 
tube A and B, open at the bottom, 
«are placed in a glass trough contain- 
ing mercury. Two heating coils of 
equal resistance are supported in 



Fig. 13.15 Conductivity of Gases 
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guard -ring 

P, 



LINES Of -J 
HEAT FLOW 1 


Fig. 13-16 
K for poses 


the tubes and the same current of electricity can be led through the 
two coils. To begin with, both the tubes are full of mercury. Mercury 
is made to flow out of the trough by opening the tap T . As the level 
of mercury falls, hydrogen is sucked into A and air or any other gas 
is sucked into B through tubes provided for the purpose at the top. 
The stop-cocks C x and C 2 are then closed and the current is started 
The coil in B may be seen glowing while that in A does not glow at all 
although equal heat is being generated in both the coils. Hus is due 
to the fact that hydrogen conducts away the heat much faster than air. 

The determination of the thermal conductivity of a gas is how- 
ever difficult, as convection and radiation of heat also occur in gases. 
The experimental gas is confined between two metal plates placed 
horizontally and parallel to 
each other a few millimetres 
apart. The top plate which 
is surrounded by a guard- 
ring, is heated electrically. 

As the flow of heat is down- 
wards, convection is auto- 
matically eliminated. lo 
estimate the heat flowing 
directly by radiation from 
the top plate P x to the lower 

plate P 9 , the space between . . , ., 

the two plates is exhausted. When the top plate .s now heated the 

lower plate will receive alt the heat by radiation only. h • can be 
easily calculated and allowed for. Gas is now admitted between 
two plates and flow of heat started. After allowing or the heat 
r^ived“iation, the heat received by P # by «m uction 
is determined. The heat received by the lower plate can be dete 
mined by circulating water at a constant rate behind it and 
mining the initial and final temperatures of the water. 

• If 6 be the amount of heat flowing downwards per second by 
conduction alone 

KA(O l= Jt) 

d 

when A is the area of the plate P„ and «, and «, the temperatures of 
Pi and P z . 

At verv low pressures tne conductivity of a gas is found to 
decrease with pressure. At such low pressures, the molecular mean free 
path becomes large and collision between molecules become very 
and as a consequence the heat transfer slows down. 

The Pirani pressure gauge depends upon the ^ ove i-.i a j" C n{ 
a constant current flows through a lamp-filament. icc The 
attains a steady temperature and hence a constant • u ‘ V t , 
value of this resistance depends upon the loss of heat 1 1 11 c 

gas by conduction, and therefore, upon the pressure o tl e tn 11 
gas. When the pressure falls, the conductivity diminishes. 


e = 


rare 
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temperature and therefore the resistance of the wire increases. From 
the change in the resistance gas-pressure can be calculated. 

Conductivity of gases. 


Gas 

K 

Gas 

K 

Hydrogen 

31-8x10-5 

Oxygen 

5-8 x 10-« 

Nitrogen 

5-8 

CO t 

3-4 

Air 

6-8 

nh 3 

6-2 


13.16. Law of Wiedemann and Franz. It is well-known that 

substances which conduct heat readily are also good conductors of 
electricity and that poor conductors of heat are also poor conductors 
of electricity. Wiedemann and Franz showed that at any given 
temp era lure, the ratio of the thermal and electrical conductivities for 
all metals is proportional to the absolute temperature, or 



where o is the electrical conductivity, T the absolute temperature 
while a is a constant, which is the same for all metals. This law is 
only approximately true. 

An explanation has been attempted by supposing that the free 
electrons in metals are responsible for both kinds of conductivity, 
but the deductions do not agree well with experimental results. It 
has been found that with falling temperature a no longer remains 
constant. It diminishes in value as the temperature falls. 

Table to illustrate Wiedemann and Franz law : — The values 

of k/a'l —a for some substances, at different temperatures are given. 
It will be seen that a is not quite constant even at one temperature. 


^iemperature 

— 170°C 

-100°C 

o°c 

18°C 

substances 


1 


Copper 

1-85x10-8 

2-17x10-8 

2-30x10-8 

2-32x10-8 

Silver ! 

204 

2-29 

2-33 

2-33 

Zinc > 

2-20 

2-39 

2-46 

2-43 

| Tin 

2-48 

2-51 

2-49 

2-47 

Iron 

3-10 

2-98 

2-97 

2-99 

| Load 

2-55 

2-54 

2-53 

2-61 


13.17. Thermal Insulation. Man has found that substances like 

wool, fur and feathers provide barriers through which heat cannot 
pass easily. The problem of thermal insulation is not merely one of 



thermal insulation 


led 


finding poor conductors. Air is a poorer thermal conductor than 
manv solids, yet a heated body left in open-air cools down rapidly 
bv convection and radiation. Structures like fur, wool hair and 
loose materials like saw-dust and sand, enclose multitudes of air- 
pockets, which are so [small that they reduce convection almost to 
zero while the many surfaces of fibres and grams act as reflectors 
and traps for much of the thermal radiation that would otherwise 

pass through. 

To serve as an insulator, the material, in addition to being a 
poor conductor should have certain other properties. For high-tem- 
perature insulation, the material should not deteriorate at those 
temperatures, while for low-temperature insulation it should be 
damp-proof. For some purposes the material should have sufficient 

mechanical strength, while in other cases, it should be light or should 
be able to resist chemical action. It should be easy to use and what 
is more important should not be costly. The basic materials used for 

such purposes are : 

. ( i ) Cork 

(it) Asbestos 

(Hi) Magnesium carbonate 

(iv) Diatomaccous silica 

( v ) Glass wool 

(vi) Rock wool. 

The last two are made by melting silica minerals in a furnace 
and pouring the molten mass in fine streams into a high- velocity jet 
of steam. The molten mass is blown into silky fibres which rapidly 
cool and solidify. The resulting wool-like .mass resists chemical 
action, is incombustible and has a low thermal conductivity. For 
covering hot-pipes a mixture of 85% magnesium carbonate and W 0 
asbestos fibre— to give mechanical strength to the former is used. 
This material has a low thermal conductivity, is light and can be 
easily cut and fitted and is not affected by steam and water leakage. 
It can be used upto 600°F. For temperatures 600 -1400 F calcined 
diatomaceous silica aud asbestos are used. Asbestos felt is used 
when there is excessive vibration and rough usage. Felted roc *- 
wool and glass wool supported by wire-netting can be used upto 
1000°F and have the convenience that they can be easily wrapped. 

For covering cold pipes the insulation must have an air-tight 
surface otherwise it will become defective by absorbing moisture. 
Joints are made water-tight with water-proof cement and cork insula- 
tion (made by compressing pure cork into moulds at high pressure 
and baking) is then applied. It is held in position by copper-covered 
steel wires. Rock wool mixed with water-proof cement is also 
applied. Hair-felt made by chemically cleaning and felting cattle- 
hair is specially used for protecting water-pipes from freezing. It is 
very useful for low temperature work. For block insulation, blocks 
of Hie above materials are used and the blocks are fixed to brick or 
concrete-walls. Flat sheets of the materials e.g. asbestos-sheets are 
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used for covering flat surfaces. Hair-felt sheets are used to provide 
insulation for refrigerators. ... 

Sheets of aluminium-foil are used both for high and low-tem- 
perature insulation. The foil 0 0003 inch thick is furnished in smooth 
rolls and is crumpled with hands before being applied. Its low 
thermal conductivity is due to air-spaces in between metal layers and 
due to the shining metal surfaces which act as reflectors. To give, 
it mechanical strength it is supported in suitable jackets. It is 
extremely light in weight and is useful for covering large flat or 
curved surfaces. 

In the thermos bottle the protection against heat-flow is the 
evacuated space, offering little opportunity for either convection or 
conduction. The highly polished silver-on-glass walls reflect all 
radiations that attempt to go through them. Conduction through 
the glass supports of the enclosure is almost the only means the 
heat has, to enter or escape. 

To secure the most effective thermal insulation in the laboratory 
the usual method is to surround the body not necessarily by an 
insulating substance but by a medium which is kept at -precisely the 
same temperature at which the body is to be maintained. 

To sum up : 

1. For low temperature insulation — cattle hair, wool, felt, cork 

and various combinations of these materials. , 

2. Insulation for buildings etc. — i.e. to cut down heat losses 
through walls and roof during winter and to prevent heat penetration 
during summer — cork, wool, wool slag and glass wool are the. 
materials used. They can be used in blocks, in sheets or in special 
re-inforced batts. Metallic and reflecting type insulation is also, 
used. 

3. Insulation for heating and process work. (150°F to 300°F) — • 
asbestos paper structures are used. They have low conductivity and 
cost little. 

4. Insulation for power-generation field. (300°F to 600°F). On 
account of mechanical vibration, an insulation consisting of 85% 
magnesia and 15% asbestos is used. Asbestos sponge is also in the- 
market. 

5. High temperature insulation. (600°F to 1400°F) materials 
used are diatomaceous silica and asbestos, the former being an 
excellent material. Sometimes the two materials are mixed together. 

6. For High-temperature pipe-covering. We use one layer of 
diatomaceous silica and one layer of 85% magnesia and 15% asbestos^- 
the silica forming the inside layer. 

% % 

QUESTIONS 

1. Write short notes on Conduction, Convection and Radiation. 

2. Deduce a definition of Thermal Conductivity. Describe the 
Forbes’ method for determining K for a metal. 

. 3. Describe Lees’ method for the conductivity of metals. In what 

respects is it superior to the Forbes’ method ? 
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4. How will you show that crystals have different conductivities in 
different directions ? 

5. Give a laboratory method for determining K for cardboard. 

6. Discuss the flow of heat in a metal rod and explain the meaning 
of steady state and deduce the equation of heat-flow. 

7. What difficulties are experienced in determining the conductivi- 
ties of liquids and gases and how are they overcome ? 

8. Outline a method for determining the conductivity of a gas. How 
will you show that hydrogen is a better conductor than air ? 

9. Briefly explain Angstrom’s method for determining the conduc- 
tivity of a metal. 

10. Write brief notes on 

(i) Conductivity of earth’s crust, (ii) Widemann and Frau/.’ law, 
[in) Practical application of conductivity determinations, (iv) Age ot the 
earth. 

11. Thickness of ice on a lake is 10 cm. and the temperature of air is 
_ 20°C. At what rate is the thickness of ice increasing V 

K for ice='004, density of ice *92 gm/c.c. 

L for ice=80 cal/gm. [-0001087 cm/sec. 

12. Explain the Lees method for determining tho conductivity of 
poor conductors. 

13. How will you determine tho conductivity of rubbor given in the 
form of a tube. 

14. Give the Lee’s method for determining the conductivity of liquids. 

16. Write an essay on heat insulation and heat insulators. 


CHAPTER XIV 
RADIATION 

If you have had your attention directed to the novelties in 
thought in your own life-time, you will have observed that 
almost all really new ideas have a certain aspect of foolish- 
ness when they are first produced. — A. N. W hitehead. 

All we know is still infinitely less than all that still remains 
unknown . — William Harvey. 

14 . 1 < In the process of radiation heat travels directly from one 
body to another in straight lines without affecting the intervening 
medium. The rapidly oscillating molecules of the hot body create 
waves in the ether. The waves carry energy with them which they 
transfer to the comparatively slow-moving molecules of the colder 
body on which they happen to fall. The molecular kinetic energy of 
the latter increases in consequence and manifests itself in a rise of 
temperature. Heat travelling by radiation is called radiant heat. In 
general, its properties are similar to those of light. 

I. Radiant heat can be reflected like light and obeys the la*ws 
of reflection. 

1. It can be refracted using prisms and lenses of a material 
transparent to heat radiations e.g., rock-salt. 

3. It travels with the velocity of light. 

4. It follows the law of Inverse Squares. 

5. It shows interference, diffraction and polarisation effects like 
ordinary light. 

The wavelength of the radiations constituting radiant heat 
is greater than that of the light-waves. The wave-length of the red 
rays is about 8X 10" 5 cm. while the infra-red rays constituting radiant 
heat may have a wave-length of the order of a fraction of a millimetre. 

All bodies are not equally transparent to radiant heat. Bodies 
which transmit heat radiations freely are called Dia-thermanous while 
those which absorb them are called Athermanous. Generally bodies 
transparent to light are also transparent to radiant heat and vice 
versa, but it is not always so. Thus wdter in thin layers transmits 
light but effectively cuts off heat radiations while a solution of iodine 
in carbon-bisulphide through transparent to heat radiations is opaque 
to light. 

No substance is perfectly diathermanous ; air is nearly so. 
Rocksalt and sylvine are considerably diathermanous. All metals, 
wood, etc., are examples of athermanous bodies. 

Again there are substances, which though diathermanous to one 
kind of radiation, are athermanous to other kinds. The radiations 
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from the sun can pass freely through glass and it remains cool, but 

e l ass effectively cuts off radiations from bodies winch are not as hot 
Is the sun is. In green-houses for plants, while the glass roof and 
walls freely admit heat radiated from the sun across them, they do 
not allow the heat radiated by the plants to go out The plants ^ 
thus kept warm. This property of glass also makes it a \ aluable 
material for fire-screens. A glass fire-screen placed infrontof a fire, 
absorbes most of the thermal radiations and becomes ver} hot. 

14.2. Prevost’s Theory of Exchanges. The sensation of heat 
experienced when we stand near a hot body can be explained } 
supposing that the hot body radiates heat to us bu the sensation o 

cold which we experience when we stand near a block °f 1C • 
be explained unless we suppose that the ice emits cold radiations. To 

»■* mw ./«' 2‘, JfS Z SL » 

from it and hence have the feeling of cold. 

Similarly when two unequally heated bodies are piaeed near eac 1 

SHKeMX 2W5JS =5 S3 

KKss. In Other words, the eqmhbnum ts dynam.c, 

arsr je «&“■;. “ ; ^ — «> '■ ** — »»■ 

bright polished surfaces are the worst. 

In tire Ritchie's arrangement, when the polished side 1 of a 

. . * t _ * — 1. mlavAff 4.. 


Leslie cube (which contains boiling 
water) faces the polished face 1\ of the 
thermoscopc T and the black face B 
faces the black face B x , the liquid 
column sinks in II and rises considera- 
bly in I . This indicates a large absorp- 
tion of heat in II. If. however, a 
polished and a black face oppose each 
other on both sides, the liquid column 
moves very little. 

In the first case, the black face of 
the cube emits a lot of heat, practical y 
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Ritchicvs apparatus 


t C ;holo C of ,tS whlch is Tb Jbed by the face * of the thcnnoscopo 
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while the polished face P gives out little and the face P x absorbs very 
little out of that. In the second case when the faces of the cube have 
been reversed the polished face of the cube emits very little radiation 
but it is completely absorbed by the face B x of the thermoscope, 
while, on the other side, the blackened face B emits a lot of heat 
which is mostly reflected by the face P v 

This shows that black bodies are good emitters and also good 
absorbers of heat while polished bodies are bad emitters as well as bad 
absorbers of heat i.e., good emitters are good absorbers of heat. 

14.4. Radiation in a Heated Enclosure. When a body is heated, 
it begins to radiate out heat. As the temperature of the body rises, 
its molecules begin to vibrate faster, i.e., with a greater frequency 
and in accordance with the formula v=nt\, the body emits shorter 
and shorter wavelengths of radiation. If the body be a hollow 
enclosure, it can be shown that the nature of the radiation and the 
amount of radiation per c.c. within the enclosure defends only on the 
temperature at which the walls of the enclosure are maintained. The 
radiation neither defends on the nature of the material of which the 
walls of the enclosure are made nor on the nature of the bodies that 
may happen to lie within it. 

Thus suppose two enclosures A and B whose walls are perfect 
heat insulators are joined by a connect- 
ing tube having a shutter S in it. The 
shutter is closed and the enclosures are 
heated to the same temperature T. If 
possible, suppose that the amount of 
radiation per c.c., i.e. the energy density 
is greater in A than in B. The shutter 
is opened for a short time and the two 
enclosures put in communication with 
each other. More radiation wall leave 

A and go into B but less of it will travel in the reverse direction 
because energy density in A is the greater. The shutter is now closed 
and the two enclosures are allowed to adjust themselves to the new 
energy distribution. The energy density in A has diminished while 
its walls are still at their original temperature. They will, therefore, 
lose heat into the enclosure and cool down till equilibrium s 
again attained. On the other hand, the energy density in B is greate-r 
than before, hence its walls will absorb energy from within and ge*t 
heated. This means that a difference of temperature will now be 
produced between A and B, although they were originally at one 
temperature. Work can be obtained by using B as the hot body of a 
heat engine and A as its cold body without supplying any energy to 
the system AB, and 'his is manifestly absurd. Hence the energy 
densities in A and B must be identical. 

14.5. Kirchhoff’s Law. The energy density of radiation in a 
umform- temperature enclosure is uniquely determined by the tem- 
perature of the enclosure. A body placed in such an enclosure 
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e be the emissive power of the body at the temperature of 
A 


ultimately takes up the temperature of the enclosure and becomes 
indistinguishable from it. 

: if 

the enclosure, for wave-length the total radiation lying between * 
and A +A emitted by it per second is JX, but the body is also 

absorbing heat from the walls of the enclosure. If dQ be the radiation 
incident on it and « A be its absorptive power, the amount of radia- 
tion absorbed by it per second is a y dQ. The remainder (1 -a^dQ 
of the incident radiation will be reflected or transmitted. If e y dX 

be the amount of the heat lost by the body to the enclosure the 
sum of the heats emitted, reflected (or transmitted) must be equal to 

the incident radiation, or 

(l-a x )dQ+e y d\=dQ 


or. 

e s .dX—a.dQ. 

A A 


‘ 

or 

a 


> 

and since 

— ^ is constant, 

d * 


2L is the same for all substances. 


? 


a ^ 

In other words, if ^ is large for a substance, should be corres- 

Dondinelv greater, i.e., good emitters of radiation are good absorbers 
of radiatfon also. Thus in the Kirchhoff’s classical experiment sodium 
vapour, when hot, emits the two yellow lines (D-lines) but _ cok 1 sodium 
vapour absorbs these very lines. This selective absorption by a gas 

explains the existence of Fraunhofer lines in the solar s F ctrum - , 

If a polished metal ball with a spot of platinum-black on it be 
heated to a high temperature and then taken to a dark room it 1 
found that the dark spot which is a good absorber shines most. A 
coloured pattern on heated china will behave similarly when taken t 
a dark room. The pattern when cold is a good absorber. 
heated it becomes a good emitter, while the white cluna which 
bad absorber when cold, is a bad emitter when hot. 

14.6. Black Body Radiation. A perfectly black^ody is unc 
which absorbs all the radiations, of whatever wavelength that are 
incident on it, It neither reflects any of the .undent rad wtton nor 
transmits it. Lamp-black is the nearest approach to * buck 
body and the radiating powers of various bodies are compared taking 

lamp-blacked surface as a standard. . 

- Consider a heated enclosure with insulated walls, such that its 

walls can lose heat only inwards. Let a body be now placed in It, 
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If the body is hotter than the enclosure, it will lose heat to it and if 
cooler, it will gain heat from it till the body and enclosure come to a 
common temperature. The body will now be losing heat to the en- 
closure at exactly the same rate as that at which it is gaining heat 
from it. It makes no difference what the material or the colour of the 
body is and it is immaterial whether the body lies near to the walls or 
is in the middle of the enclosure. If the body is black, it will absorb 
practically all the radiations that fall on it and to restore the equilib- 
rium it must radiate equally to the enclosure. If the body is highly 
polished, it will reflect back most of the radiations that are incident 
on it and will have to radiate out only a little just to make up for 
what it has absorbed from the incident beam. If the body Is trans- 
parent, it will let through most of the incident radiation and will 
have to radiate out just a little. If the body happens to be coloured, 
it will absorb only a particular type of the radiation reflecting back 
strongly all other types. It is clear from the above discussion that 
although the different bodies radiate at different rates the quality and 
density of radiation in the enclosure remains unchanged. The density 
of radiation in the enclosure is determined solely by the temperature of 
the enclosure and changes only with a change in temperature. 

It also follows from the above discussion that the radiation from 
a uniform-temperature enclosure is identical with that from a black 
body at the same temperature. Hence such a radiation is often spoken 

of as a black body radiation. 

I his conception of a full radiator has proved very' useful in the 
theory of radiation. For practical purposes, a thick-walled hollow 
sphere with lamp-blacked interior and having a narrow circular hole 
on one side of it is taken as an enclosure. It is lamp-blacked on the 
interior to absorb any stray radiations that may fall on it through 
the hole. ! he sphere is heated electrically to any desired tempera- 
ture and the radiations issuing out of the hole (which are black body 
radiations) can be measured with a sensitive bolometer (art. 14‘7) or 
a radio-inicrometer placed opposite the hole, care being taken that no 
heat falls on the instrument from the edges of the hole. 

The radiations coming from a cavity in a clear coal-fire is almost 
1 jack-body radiation. This accounts for the apparent indefiniteness 
of the surfaces of the glowing coals. The light coming to the eye 
from a cavity is independent of the nature of the surface of the coals 
and of its variations from place to ploce and is not determined by the 
nature of the surface at the particular point which is being viewed. 
Consequently the radiation entering the eye cannot convey an accurate 
impression of the nature of the surface 

14.7. Measurement of Heat Radiations. A delicate instrument 

Boys* Radiomicrometer, which 
is a combination of a thermo-couple and a delicate galvanometer 

Two thin bars of antimony and bismuth have a thin blackened 
copper disc soldered at their ower ends while a loop of thin silver 
wire completes the circuit at the top. The whole arrangement is 
suspended by means of a quartz fibre between the pole-pieces 
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Fig. 14-3 

Radiomicrometer 


of a powerful horse-shoe magnet and is put in a thick case to 
protect it from stray radiations. When 
radiations fall on the copper disc, a thermo- 
electric current is produced and when it goes 
round the silver loop, the latter is deflected 
by the magnetic field. The deflection is indi- 
cated by a beam of light reflected by the 
fnirror M (attached to the quartz fibre) on to 
a distant scale. 

For measurement of radiations a bolometer 
is used. It consists of a number of exceed- 
ingly thin and narrow strips of platinum 
mounted close and parallel to each other on 
a slate frame and joined to each other in series. 

Two such sets are mounted in the adjacent 
arms of a Wheatsone bridge and are blackened 
to absorb the incident radiation and the bridge 
is balanced. One set is then exposed to the radiation-stream to be 

measured, while the other is enclosed in a 
box to protect it from radiation. The resis- 
tance of the exposed strips increases and the 
balance is upset. Since the rise of tempera- 
ture is small, the deflection of the galvano- 
meter is practically proportional to the 
amount of radiation incident per second 
on it. 

To measure the radiations contained in 
narrow strips of a spectrum a line bolo- 
meter i.e., one, in which the sets of plati- 
num strips are replaced by single narrow 
strip, is used. If, however, it be required 
to measure the radiation in absolute units, 
two thin strips of platinum, blackened on the surface, are joined at 
their backs to two junctions of a thermo-couple which includes a 
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sensitive galvanometer in its circuit. One strip is exposed to the 
radiation to be measured, while the other, which is protected from 
radiation, is heated electrically. The current through the latter is so 
adjusted that the galvanometer registers no deflection, lius snows 
tfoat there is no temperature-difference between the two strips and 

both are receiving energy at the same rate. The heat pioducc e ec n 
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cally is El Joules per second and is equal to the energy of the radia- 
tion beam. - 

The bolometer has a small thermal capacity and a high sensitive 
ty. With it, changes in temperature as small as (H)00001 o C can 
be detected. Bolometers are used in direction-finding by infra-: 
red rays. 

14 8 Stefan’s Law. Newton’s law of cooling, viz., the rate of 
loss of heat from a body is proportional to the excess of its tempera-: 
ture over surroundings, holds good only for small differences of 
temperature. From the experimental data of Dulong and Petit, 
Stefan showed that the total radiation from any heated body is pro- 
portional to the fourth power of its absolute temperature. 

Boltzmann, starting from thermodynamic considerations gave a 
theoretical proof of the law and showed that it applies strictly ta 
emissions from a black body only. The Stefan-Boltzmann law may 
be enunciated thus : 

g • 1 

If a black body at absolute temperature T is surrounded by another 
black body at absolute temperature T 0 , the amount of energy lost per 
second per square centimetre of the former is 

E=o(T*-T 0 *) 

where a is a constant, known as Stefan’s constant. 

Experimental Verification of the Law. Lummer and Pringsheim 
studied the emissions from a black body and found the law to hold 
correctly. 

For temperatures from 200°— G00 c C the black body C consists 
of a hollow copper sphere covered on the inside with platinum black 
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Fig. 14 

Lummer and Pringsheim’s arrangement 

(to absorb any stray radiations that may enter C). It is placed in a 
bath of a mixture of sodium and potassium nitrates (which melts 
at 219°C). 1 his salt bath can be maintained at any desired tempera-' 

ture within the indicated range and this temperature is measured 
with a thermo-electric thermometer M. 
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• : For working at higher temperatures, the vessel was made of iron, 
blackened on the inside, but heated in a double-walled gas-furnace. The 
temperature inside the iron cylinder was measured with a thermo- 
electric thermometer which was enclosed in a porcelain tube that 
passed into C through the furnace. 

S and S' are water-cooled shutters that intercept the radiations 
from C from falling on the surface of bolometer B, while R is a slit 
arrangement for getting a parallel beam of radiation. 

The bath is raised to the desired temperature, which is then 
maintained steady, the shutters S and S' are raised to allow radi- 
ations from C to fall on the bolometer B which is surrounded by an 
enclosure at temperature T n . The maximum deflection of the gal- 
vanometer connected to B is noted. Observations are made by rais- 
ing C to various known temperatures. 

Let a denote the deflection of the galvanometer needle in any 
observation made at a temperature T of the vessel C and let T 0 be 
the constant temperature of the enclosure surrounding B. It is found 
that the ratio, a/(T 4 — 7' 0 4 ) is the same for all temperatures of C. As 
the deflection a of the bolometer is proportional to the energy E 
falling on it from the enclosure C. it follows that 

E cc (P-7V) 
which verifies Stefan’s Law. 

14.9. Determination of Stefan’s Constant, a. The arrangement 
given in Fig. 14 6 was used but the bolometer B was replaced by an 
Absolute bolometer of the type depicted in Fig. 14 5 Strip B v was 
exposed to the radiation stream from the enclosure C while B 2 (which 
was protected from those radiations) was heated electrically so that 
there was no deflection in the connected galvanometer. The energy 
falling on B 1 was therefore equal to that generated in B 2 that is e.i. 
joules/sec. where e is the P.D. in volts acting across B 2 and i amperes 
is the current flowing through it. 

In the relation 

. E~a (7*- 77), 

E=e.t. is therefore known, whence a can be calculated. The value 
of a found by Coblentz is 

a=6*735xl0- 12 watts 

14.10. Laboratory Determination of Stefan Constant, a. A 

silver disc A of area A and of specific heat S is blackened over and 
placed on the table. To the bottom of the disc is attached one 
junction of a thermo-couple, whose other end is in melting ice, and 
a sensitive galvanometer is included in the circuit. The disc is 
covered over with asbestos sheeting. The cup C is now placed on the 
disc. The cup is blackened on the concave surface. It is heated on 
the outside with steam at temperature T. After some time, the 
asbestos is removed by turning the handle H and a series of readings 
of the galvanometer are taken every 30 seconds or so for 15 minutes 
and a graph between time t, and temperature T is plotted. 1 liis 
curve gives dTjdt, - 
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If M is the mass of the disc, heat gained by it per second is 
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Fig. 14.7. 
Stefan Constant. 


MS.dT/dt. If E x is the absorption of energy per second by the disc 
from the cup and E the corresponding loss by radiation. 


dT E x -E . oA 


MS ^= 


and 


cr = 


. A (P-Tj 4 ) by Boltzmann Law 

JMS dT 

' dt' ■ ‘ .. 


A\T 4 —Tf) . 

where J=4-2xl0 7 erg. 'cal., is the mechanical equivalent of heat and 
1\ is the temperature of the disc. This last quantity is determined 
by calibrating the couple, so that from the deflection of the galvano- 
meter, the temperature of the disc is known at once. 

14.11. Distribution of Energy in Radiation Spectrum. It is 

well-known that solids and liquids begin to emit visible radiations 
when heated to a temperature of about 500°C. This emission of radia- 
tion is there even at lower temperatures — but it is of a wave-length 
which is too long to excite vision. As the temperature of the body is 
raised, it begins to emit waves of shorter and shorter length. The 
colour of the radiations is first reddish but changes to dull red, then 
to orange, to yellow and finally to white as the temperature of the 
bod)' progressively rises. 

The radiation spectrum can be obtained by passing the radia- 
tier.c though a slit S x on to a concave mirror M, which renders them 
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parallel and throws them on a rock salt or a quartz prism placed on the 

turn-table of a spectro- 
meter. The emergent 
light is focussed by the 
concave mirror M t on to a 
line bolo-meter, placed 
behind the slit S t . The 
bolometer is connected to 
a sensitive galvanometer. 

The tum-table is slowly 
rotated so that one part of 
the spectrum after another 
is successively focussed on 
the bolometer. The inten- 
sity of each line is propor- 
tional to the galvanometer 
deflection and thus the 
whole radiation spectrum 
c$Ln be mapped out. 

It is found that energy 
is not uniformly distribu- 
ted in the radiation spec- 
trum. 

As the temperature of 
the body rises, the radia- 
tion in every part of the spectrum at first increases rapidly. 1 lien tor 
a given temperature, the radiation is a maximum at some particular 
point in the spectrum. With a further rise in temperature this point 

of maximum radiation shifts towards 
the shorter wave-lengths. This means 
that the wave-length A for which the 
energy emitted is a maximum de- 
creases as the temperature rises, or 

Ac c -jr 

or A7=constant ... (i) 

This is known as Wien's Displace- 
ment Law. The value of the cons- 
tant in (t) was first obtained by 
Lummer and Pringsheim from the 
curves (Fig. 14 9) and was found to 
be 0-2884 cm. deg. 

The area under each curve 
(Fig. 14-9) represents the total energy 
emitted by the body at that tem- 
perature. Evidently this area be- 
comes larger and larger with increases 
This area is found to increase as the 


Fig. 14-8. 

Radiation Spectrum. 
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Fig. 14\9 

To illustrate Wien’s Law. 


wirr^th^Vb^lut^te^erature. Hence, tk' total c n crgy 
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emitted by a hot body ( black body) is proportional to the fourth power of 
its absolute temperature. This is Stefan-Bohzman Law. i 

Starting from thermodynamic considerations Wien showed' that: 
the actual amount of radiation at the maximum point is propor-' 
tional to the fifth-power of the absolute temperature, or , 

E oc T b ... ' ... . 

Experimental determinations show that this law is true only at 
lower temperatures and for longer wave-lengths. 

Again, Rayleigh and Jeans, starting from a consideration of the 
equilibrium of radiation in a cavity, proposed an alternative formula. 

E. cc T. A * 4 ... — (w)‘ 

for the energy distribution in the radiation spectrum, E ^ being ^the^ 

energy at wave-length A for temperature T. r f 

Experimental detenninations show that this formula holds good ' 
only at higher temperatures and for shorter wave-lengths. ' 

The fact that Wien’s formula holds for longer waves only while' 
the Rayleigh- Jean’s formula holds for shorter waves only, leads us' 1 6 ' 
suspect that the two might be only special cases of a more general . 
law. The problem of distribution of energy in the radiation spectrum^ 
of a black body was solved by Planck in 1900. According to > him, ex^ 
changes of energy between ether and matter, ^ instead of taking place* 
continuously can occur only in discrete steps i.e., in multiples of some 
small unit, called the Quantum- This quantum of radiation is called- 
Photon. This quantum of energy, is not a fixed quantity, but - is 
proportional to the frequency of radiation, v, or . • A S: 

... •' ... ' > - • - 


£ =. h.v ... '•*' .;. '• ' ' ' :. 

where, //— 6.55 x 10~ 27 erg.-sec., is called Planck’s constant. Starting 
from quantum considerations, Planck showed that energy is distribuj- 
ted in the radiation spectrum according to the relation ■ \ | 

E = — ... ... (*>) f 


« * T -i • • \ r 

where Cj and c„ are constants. •• < ' • 

This 1 \v reproduces the actual energy distribution for a black 
body in a very accurate manner. For a wide range of temperatures 
-300°K to ]700 C K, and for a wide range of wave-lengths— 0*5ft to 
r»2jx, (/i = 10 _b m.m.), this formula gives results which agree with the 
observed values to within one per cent. Formula (1-) shows and ex- 
periment confirms that the radiation sfedfum contains comparatively 
little energy in the region of very short and very long wave-lengths. ' The 

energy is mostly concentrated in the intermediate region.- 1 

Now, if Planck’s law is correct, it must reduce to Wien’s law and 
to Rayleigh-Jean’s law for the ranges in which they hold. ; 

fi/) If XT is small i.e. less than one (c„ has a va!ue=T432 crii.- 
c I \t 

degree), e ~ is >1, and neglecting 1 in the denominator, we have 
Eoc A- B . . 


,/v/ 


* . * - 
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As XT is constant, T oc 1/A 

E oc T 5 , 

which is Wien’s law. 

(6) If XT is large, e^ XT can be expanded into a series which 
easily gives 

77 A " 6 

£oc — tpp 
C.JX1 

or E oc T. A- 1 

which is Rayleigh-Jean’s law. 

Formula (v) thus embraces (i) and (in) as special cases. 

It must be stated that the energy contained in a photonis very- 
very small. Thus a photon of radiation, of wave-length A = 10, 000 A. V. 
(1 A.U. = 10- 8 cmdcontains only 2 x 10 12 ergs. Heat radiation is so fine- 
grained that for all practical purposes it may be taken as continuous. 

1412 Production of High Temperatures. Flames afford a 
simple and convenient method for obtaining high temperature,. he 
temperature at the top of the Bunsen flame is about la40 C while 

that in a Meeker burner (in which a wire gauze is prov ed at the 
top of the Bunsen burner) the temperature is about 1640 C. By 
burning a mixture of one part of methane and two parts of oxygen 
in ^i itmosphere of oxygen a temperature of 2830°C can be reached, 
while by burning a mixture of equal volumes of acetylene and oxygen 
in an atmosphere of oxygen 3100X can be obtained _ The Lang.n m 
atomic hydrogen flame provides a temperature of 3800 C. In the last 
arrangement molecular hydrogen is circulated round a tungsten elect- 
rndTIfTn electric arc where it is dissociated. Recombination occurs in 
the flame with the evolution of heat. These flame furnaces are designed 
to direct the flame on the sample (where this is possible) to minimize 
heat losses but certainly they have not the ease of control of clectnc 

furnaces. Carboip-granule furnaces utilize the heat- 

ing effect of a Current conducted between two electrodes through 
pulverised carbon placed around the specimen. Uniformity of tem- 
perature is poor because the current follows the path of least resis 
tance, which therefore is the region of the highest temperature 

(2) Wire-wound furnaces use nichrome resistors upto HOO C and 
platinum resistors upto 1400X. The heat transfer is facilitated by the 

!2„ In aSi. e Sif»- I" »■*“' • "1 
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In the laboratory, they are used for melting the oxides of manganese, 
zirconium and thorium. 


(5) High-frequency Induction furnaces consists of a solenoid prp- 
ducing an alternating magnetic field which can develop, by induction, 
a current in a conducting substance of any shape placed inside it. 
The uniformity of temperature is best when the sample is a liquid 
metal. Electrical non-conductors (refractory oxides) are surrounded 
with a conducting cylinder of tunsgten or graphite and heated in- 
directly. Conditions of highest purity are attainable 'here. 

It may be remarked in passing that 

(*) Molecules break up at temperatures between 10 3 — 10 4 °K. 

(ii) Atomic shells break up at temperatures between 10 4 — 10 6 °K. 

{Hi) Atomic nuclei break up at a temperature of 10 9 °K. 

In order to obtain complete thermal dissociation of matter, that 
is to break up the nuclei themselves into separate nucleous (t.e. into 
protons and neutrons) the temperature must go up at least several 
billion degrees. Even in the hottest of stars we do not find such 
high temperatures. 


14.13. Measurement of High Temperatures. Temperatures 

upto about 250 C can be measured with an ordinary mercury thermo- 
meter. Using gallium (M.P. 297°C and B.P. 1600°C) as liquid and 
fused quartz as the material for the bulb and the capillary tube 
temperatures upto 1000°C have been measured. Northrup measured 
temperatures upto 1G80T with a graphite thermometer using molten 
tin (M.P. 231 -8°C and B.P. 2260°C) as liquid. 

Hydrogen thermometer cannot be employed for temperatures 
beyond 500 C because the platinum bulb becomes porous to hydrogen 
which is therefore replaced by nitrogen. Using a bulb of rhodium 
temperatures upto IG00 C can be measured. The internal rise of 
pressure, however, begins to give trouble at high temperatures be* 

cause the material of the bulb softens and the volume of the bulb 
tends to increase. I'his renders temperature-measurements less 

trustworthy. 

Platinum thermometer is quite reliable upto 1000°C while a 
plat! u. n m! platinum-rhodium couple can be used upto 1600°C and 

isqrm c v enient to use. Beyond 1600°C, Radiation Pyrometers 

inusi iv ' sod. 

J i ii.} vratures of very hot bodies can be judged roughly by their 

colour or (brightness. • J ^ 

Lowest visible red 
Dull red 
t lierry red 
Eight red 
Orange 
Yellow 
White 


temperature 


» t 


» » 


> ) 


1 1 


tf 


; f 


470°C 

600°C 

700°C • ' 

850°C 

900°C 

950— 1000°C 
1150°C and above/ 
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1414 Radiation Pyrometers. It will be seen that in all the 
types of thermometers so far described the bulb of the instrument] has 
to be placed in contact with the hot body and when the bulb begins to 
soften the instrument becomes useless as a temperature measurer. 
Here-in lies the chief merit of the radiation thermometers, for they 
Lave not to be placed touching the hot body. They can therefore 
measure any and every temperature no matter how high it may be. 
Their use is confined to the measurement of temperature of those bodies 
which are hot enough to radiate out heat in measurable quantities. 

Their range roughly begins at about 600°C and there is no upper limit 
to the temperatures which they can measure. Since the radiation for- 
mula holds correctly for black bodies only, the more a source cor- 
responds to a black body, the more correctly will its temperature be 
indicated by the radiation thermometer or radiation pyrometer, as it 

is called. 


1415 Fery*s Radiation Pyrometer 



Fig. 1410 
Fery’a Radiation Pyrometor 


It is based on the Stefan- 
Boltzman Law. It con- 
sists of a concave mirror 
A/, placed at the end of 
a metal tube which also 
carries a diaphragm D 
having a circular aperture 
at its centre. The radi- 
ations coming through a 
hole H in a wall of the 
furnace whose tempera- 


ture is to be measured, are focussed by the mirror M on the aperture 
in the diaphragm. For this purpose M can be moved relative to D 
by means of a thumb-screw 5. The correctness of focussing can be 
judged by looking through a telescope T fixed m a hole piovided in 
the^middle of the reflecting surface, for the purpose. 1 assing through 
the diaphragm the radiation falls on a blackened disc B, to the back 
of which one junction of a thermo-couple is soldered. / royided the 
image of the furnace-hole completely fills the aperture of the diaphragm 
the reading of the galvanometer included in the hermocouple circuit 
is independent of the distance of the instrument from the hot body. 
Thus when the distance of the instrument from the furnace is doubled 
the radiation falling on it diminishes to one-fourth, in accordance with 
the Inverse Square Law. The diameter of the image also. becomes 
one-half and its area becomes one-fourth, so that the radiation falling 
on unit area of the image per second remains undiminished. I las is 

a great convenience and we can set the pyrometer at any convenient 

distance from the source. 

The deflection of the connected galvanometer is proportional to 
the energy falling on it and in accordance with Stefan s law L - a 1 . 
This enables us to calculate the temperature, I he usual method 
however is to sight the pyrometer on a hot body at known tempera- 
tures and get a calibration curve and to read unknown temperatures 
from the curve. We obtain better results in this way. 


* 
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14.16. Fery’s Absorption Pyrometer. A comparison is made 

between the red rays emitted by a standard | 

electric lamp and the red rays emitted by the i ^ 

hot body whose temperature is being measured. ^ (_ — 

The radiations from the hot body fall nor- ^ j *1 

mally on a wedge of red glass P v By sliding a 1 j ' 

similar wedge P 2 , a parallel-sided plate of J I 

variable thickness is introduced in the path of ' I 

the incident radiation. The beam goes straight j j 

through the glass plate G down the tube. At the I I 

same time, red light from a standard lamp L is - — J • I 

reflected down the tube by a small silver strip 

attached to the back of G and the two beams are , t I 

seen by an eye placed at 0. The position of P 2 1 i I 

is adjusted till the field appears of one uniform • j j I 

brightness. The coefficiency of absorption of the T , j 

glass wedges P x and P 2 being known, the tempe- i* I 

rature can be directly calculated. j I I 

This instrument is specially useful for mea- 
suring the temperatures of bodies which, though 
very hot, are small in size. v* 

. . . Fj g- 14 -U 

14.17. DisaDDearin? Filament Pvrometer. Ferv’ Absorption 


14.17. Disappearing Filament Pyrometer. Fery’ Absorption 
This instrument is due to Holbom and Kurl- Pyrometer 
baum. The intensity of red part of the spectrum of the radiations 
emitted by a hot body is compared and matched with that given out 
by the filament of a small electric lamp. The image of the source S 
is focussed by a lens L on the straight thin filament D of a low- 
voltage incandescent lamp. A lens E which forms the eyepiece of* 
the telescope of which L is the objective is now focussed on the fila- 
ment. The eye is placed behind a plate of red glass G which allows 
only a narrow band of wavelengths to pass through it. The eye sees an 
image of the filament super-imposed upon an illuminated background. 
The current through the filament is now adjusted till the contrast 
between it and the image of 5 just disappears and the filament be- 
comes invisible against the back-ground. Since the two are now 
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Fig. 14.12. 

Disappearing-filament Pyrometer. 


equally bright, they must be emitting equal amounts of energy per 
second and hence must be at the same temperature. • 
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The instrument is calibrated by sighting it on the hole of a cons- 
tant-temperature enclosure which is heated to various kno\sn tempera- 
tures that are measured with a standard couple. The current through 
the filament is also measured at each stage. A potentiometer may be 
used if extreme accuracy is required. 1 he current-strength used is 
from 20->60 milli-amperes. A curve is plotted between the current 
and temperature and unknown temperatures are read oil the curve. 
The lamp should have a very clear glass bulb and should preferably 
have clear glass widows on both sides. The widows should not be 
perpendicular to the axis of the telescope but should be mounted at 
an angle of 15° from the perpendicular so as to avoid reflecting the 
images of the filament into the field of view. The vacuum in the 
bulb should be the best obtainable. The filament should preferrably 
be of tungsten, because^such a filament has a very long life. 

14.18. Temperature of flames. Light rfrom an incandescent 
tungsten foil A is directed through the flame on the blackened disc 
D of a radiation pyrometer. The current through the foil is adjusted 
till the deflection of the galvanometer remains constant whether the 
flame is interposed or [removed. The temperatures of the filament 
' and the flame must therefore be equal. The temperature of the 



foil is determined from a calibration curve, between temperature and 
the current flowing through the foil. 

If the flame be non-luminous it is coloured with sodium. The 
light after passing through I- 2 falls on the slit of a spectrometer. 
TTie temperature of A is adjusted till the sodium lines match the 
back-ground illumination. The temperature is then determined as 

above. . 

1419. Temperature of the Sun. The sun is an intensely hot 
body whose central temperature exceeds 20 million degrees and whose 
surface temperature is about 0000°A. The surface temperature can 

be calculated by measuring the Solar Constant 

would fall per minute on one square centime re of the earth 

held normally to the sun's rays, provided there were no atmospheric 

abS ° r iTitie Poiullet's pyrheliometer, a slow steam of water flows 
continually It the back *ot a thin, circular blackened -fal he disc 
which is held normally to the sun s rays. Knowing the rate ot nsc ot 
temperature and the quantity of water flowing past the disc pec 
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minute, the solar constant can be determined. It is about 2*3 calories 

per square centimetre per minute. 

If a sphere be drawn with the sun; 
as centre and with the mean distance of 
the earth from it as radius, the total r 
radiation falling on the surface of this; 
sphere per minute is /r 

2-3 x 4rr x rf r r 

where r 1 is the mean radius. All this 
radiation has been emitted by the surface 
of the sun. If r 2 be the sun’s radius, its 
surface area will be 4 77 r 2 2 . Hence the radi-. 
ation E emitted by one square centimetre 
of the sun’s surface per minute is 


Fig. 14-14. 

Pi-inciplo of Poiullet’% 
. pyrheliometer. 


2-3 X 4tt X r j 2 

E 477T 2 


Substituting the values of r l and r 2 , E = 1*08 X 10 5 calories. To *- 
determine the surface temperature of the sun, apply Stefan s Law : ■ 


i.c., 

or 


E = a.7 4 


108 X 10 s J5'- 73 5 X 1°- 1! ) x eo x Ti 


, * 


whence 7 = 6028°A. 

(We have divided a by 4-2 to convert the watts into calories and 
multiplied by GO to get the result per minute because E is the radia- 
tion emitted per minute.) 


14. 20. Source of Solar Energy. The sun is the supporter of all 
life on the earth and is the ultimate source of all activity. It is a 
giant sphere of intensely hot gas, of diameter 804,000 miles and is 
situated about 93 million miles away. It is 333,434 times heavier , 
than the earth. ~.T 

The earth collects only a small fraction of the total energy 
radiated out by the sun. The largest part of it is lost into inter-stellar 
space. Even so, the solar energy falling on the earth’s surface equals 
4,090.000 H.P. per square mile. * The sun has been radiating energy 
at this tremendous rate continuously during its life of 2 billion years ' 
and the supply seems inexhaustible. Had the sun consisted of coal 
and the right amount of oxygen, the combustion of the entire material 
would have supplied the energy for only 2500 years. What, then, is the \ 
source of energy in the sun ? . 

According to Helmholtz, the sun began its life as a giant sphere 
of cool gas with a diameter very much larger than its present dia- : 
meter. Such a sphere could not be in a state of equilibrium, because \ 
the comparatively slight pressure of a cool and highly rarefied gas » 
could not balance the mutual gravitational attraction of its various 
parts. The sun therefore, began to contract rapidly under its own 3 
weight, compressing the gas in its interior. This caused a heating up . 
of the inner gas and was accompanied by a rise in its pressure also. _ 
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When the pressure of the gas in the interior became great enough to 
hold up the weight of the outer layers, further contraction of the sun 
stopped. 1 The sun could have come to a perfect equilibrium if there 
were no loss of energy from its surface. Owing, however, to the 
continuous loss of energy by radiation, the equilibrium would be 
upset^and contraction continue. 

Even if we assume that the initial size of the sun was infinite, 
the total energy liberated by it in shrinking to its present size would 

be only _L 0 { the energy which the sun has actually emitted so far. 

Hence it appears that the Helmholtz’s contraction hypothesis, accounts 

correctly only for the early stages of the sun s evolution, but that 

in its present state the sun possesses other energy-sources much more 

powerful than those of chemical and gravitational origin. 

It is now well known that the nuclei of atoms can be smashed 

by a-particles emitted by radio-active substances or by accelerated 

protons or better still by fast-moving neutrons, with the ^liberation of 

considerable amounts of energy. Altos and Houteimans (1929) 

advanced the hypothesis that "at the very high temperatures obtarn- 

wTthe interior of the sun, the kinetic energy o the thermal 

motions becomes so great that the violent mutual collisions among 

irregularly moving particles of matter are as destructive of the nuclei 

« ?re the impact? of the atomic projectiles in the ordinary bombard- 

mentVxnerirncnts In fact, at the temperature of 20 million degrees, 

Se Wnetic en gy of the thermal motion equals the energy of the 
the unenc energy temperatures, matter no longer 

SSMSS S and A mole h cu S ies; g ihe ato'ms are all. stripped of them 
consists oi nuc iei and electrons move irregularly about 

Ke nuclei are nonprotected by electronic shells violent collisions 
between nuclei lead to results fatal for them and the persistency at 
thermal collisions makes the thermo-nuclear relictions mhmtely more 
effective than the ordinary bombardment process. > 

- • ■ According to Betlie and Weizsackcr the thermo-nuclear process 

j£&gSS££. nuderof Carbon 

“mbr ssf 

th °, pressure, '.'he B 

dous value of 10 bilhon Utmoap ^0 • tho toini)0rtt turo at the 

qfthegaawauc timosthftfcof T* the Lr/«ce of the eun, tho corresponding 
S Sfo-00 1 1 atmofS. lU gm,o ; c. and WOO-C. 
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According to another theory due to Bethe and Critchfield two 
protons combine to form a deuteron in about 100 billion years which 
at once changes into He 3 by capturing another proton. In another 
30 million years He 3 combines with He 4 already present to form Li 7 - 
This combines with another proton to form two He 4 nuclei. Energy 
emitted as in the carbon cycle by transforming into radiation the bind- 
ing energy of the Helium nucleus. Sal peter (1953) has shown that in 
the sun about five-sixths of the heat is being produced in this way and 
carbon-nitrogen cycle is of minor importance. ~" J 

14. 21. Temperature of Stars- The radiation received from the 
stars is very insignificant because of their tremendous distances from 
the earth, hence the method of the pyrheliometer cannot be used in 
their case. Their temperatures are estimated in the following ways ? 

(1) Using Wien's Displacement Laiv. By examining the colour 
of the light emitted by the various stars, we can form a fairly good 
idea of their surface temperatures, because with rising temperature, 
the maximum of radiation shifts towards shorter wave-lengths. It has 
thus been shown that the reddish stars are comparatively cooler 
while the bluish ones are very hot. 

(2) By Fraunhofer Lines. These lines are due to selective absorp- 
tion in the solar atmosphere. Such absorption also occurs in the 
atmosphere of stars. Now, the relative absorbing power of different 
atmospheres depends to a very high degree on their temperatures. The 
Fraunhofer pattern changes from star to star and enables us to 
estimate their temperatures. 

14-22. Temperature of Planets. All the major planets — 
Jupiter, Saturn, Uranus and Neptune are very very cold. Their 
surface temperatures are — 150°C or even lower. There can be no 
seas and oceans on their surface and no water-vapour in their atmos- 
phere. It has been suggested that the clouds which obscure the sight 
of Jupiter's surface may be only condensed carbon dioxide or some 
other such gas. 

The planet Mercury always presents the same face towards the 
sun and the temperature of this face is 350°C. Its other side is 
however very dark and very cold. Venus probably behaves in the 
same way. Hence life, as we know it on the Earth, is not possible 
on most of the planets. They are either too hot or too cold to sustain 
life. 


QUESTIONS 

1. Briefly explain Radiation of heat and distinguish between 
diatliermanous and nthermanous bodies. 

2. Give an account of Newton’s Law of Cooling. What are its 
limitations ? How can the method be used for determining the sp. heats 
of liquids ? Can the method be applied to solids and gases as well ? 

, r . , 3 : ).Y nt T ° s ^ 0 f-v , on:— (') Prevost’s Theory of Exchanges (ii) 

Kirchhoft s Law (n) Black-body radiation (iv) Stefan’s Law (v) Wien’s 
displacement law. 

4. Show that the radiation in a uniformly heated enoiosure depends 
on its temperature and on nothing else. * 
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5. Give an account of the methods used for the detection and 
measurement of radiant heat. 

6. Write a brief essay on the distribution of energy in the radiation 
spectrum of a black body. What contribution has been made by Planck 
to the problem ? 

7. Write an essay on high temperature measurements and point 
out the defects in the various methods of measurement '! W herein lies 
the superiority of radiation pyrometers ? 

8. Briefly explain the Fery’s and Kurlbaum’s methods of high tem- 


perature measurement. 

9. What is Solar constant ? How can it be determined ? How does 
it help us in determining the surface-temperature of the sun t 

10. How would you proceed to determine the temperature of the 
glowing filament of an electric lamp? What is your estimate of this 
temperature ? 

. [Temperature of vacuum lamps is about 2100 C while that of tho gas- 
filled lamps is about 2700 C.] 

11. State and explain tho laws relating to the amount of radiation 
and the temperature of the radiating body. Define (i) coeff. of absorption 
(ii) coeff. of emission, (iii) perfectly black body. 

In an experiment, mass of water with water-equivalent of tho calori- 
meter was 63 gm. and the surface area of the calorimeter forming the area 
of the radiating surface was 100 sq.cm. Kate ofcoolmgwas -02a C/sec. 
and excess of temperature over surroundings was 50 t . I md t ho coelhcient 
of emission. {.Punjab UmversUy) 

Coefficient of (ibsorj)tirn is the ratio between the amount of radiation 
absorbed by a surface and the total radiation falling on it. 

Coeff. of emission or cmissivily is the amount of radiation emitted by 
unit area of a surface in ono second when the difference of temperature 
between the surface ami tho surroundings is 1 C. 

Numerical. The full of temperature per second = -025 C. 

Heat lost per second by tho calorimeter = 03 x 1 x -025 cal. 

„ . . 63 x 1 x • 5 

Hence coeff. of emission = v. cq 


= ■3003 calories per sccond/sq. cm.] 
. 12. What is a black body. Why is radiation from a uniformly hcatod 

enclosure considered as u black-body radiation. 

. 13. Describe tho construction, mode of action and use of a lino 

bolometer when used as an absolute instrument. 

. 14. State Stefan’s Law. How can it bo experimentally vorifled. 

16.1\ What is Stefan constant. Given methods of measuring it. What 

is its numerical value. . 

16. Write an essay on tho production of high temperatures in tho 

laboratory. 

17. Describe tho construction and use of the Disappearing filament 
Pyrometer. Under what conditions is its use specially recommended. 

18. How will you determine the temperature of a flame when it is 
(i) luminous (ii) non-lurninous. 

19. Briefly describe what you consider to bo tho source of solar 

energy. 


CHAPTER XV 
THE ATMOSPHERE 


Experiment, directed by the disciplined imagination either 
of an individual or better still, of a group of individuals of 
varied mental out-look, is able to achieve results which far 
transcend the imagination alone of the greatest philosopher 
—Lord Rutherford. 

15-1. The atmosphere. We live and move at the bottom of 
a vast ocean of air of great complexity which is at least 2000 miles 
in depth. The modern understanding of the atmosphere began with 
the work of Bort in 1898. 

The temperatures, pressure and wind velocities at various alti- 
tudes were first determined with the help of sounding balloons fitted-- 
with self-recording thermometers, barometers etc. Present-day balloons 
are fitted with radio devices which continuously send radio-signals to - 
a receiving station, on the ground. The balloons have helped in 
exploring the atmosphere upto a depth of about 20 miles. The : 
rockets have carried on the exploration upto over 100 miles. 

15.2. The atmosphere is now known to consist of three layers or 
shells surrounding the earth. 

1. The Troposphere. It is the region nearest the earth and 
ranges in height from 10 miles at the equator to 5 miles at the poles. 
This layer is so closely packed, that although its volume is only s^th 
of the total atmosphere, it accounts for 79°/ 0 of the total weight. On 
accou it of a thorough mixing of the air in this region due to vertical 
convection currents, the proportion of the various gases is very 
uniform. Dry air contains 78% by weight of nitrogen, 21% of 
oxygen, 0 9% of argon and 0-03% of carbon-di-oxide, with traces of 
rare gases, hydrogen and ozone. The percentage of water vapour in 
the atmosphere is very variable and ranges from 0-005 to 4%. A 
lining temperature promotes evaporation from water-surfaces and adds 
to the moisture-content of the atmosphere, while a falling tempera-, 
tore loads to the precipitation of the water vapour. On account of 
the large latent heat of water, the water-vapour content of the 
atmosphere is of the utmost importance to the meteorologist in the 
study of climatic conditions and weather changes. ‘ : * ..cr 

In this region the temperature falls progressively as height 
increases, at the rate of about 6°C for each mile of ascent. At 
a certain height, depending upon the Latitude, the temperature ceases 
to fall any further. I his level is called the Tropopause and marks the ’ 
upper limit of the J ioposphere. Lower temperatures Le.,— 80°C prevail 
in the Tropopause above the equator than above the poles where the 
temperature is— 50 C. This is probably due to two reasons : — 
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(*) As the Tropopause is at a greater height at the equator, the 
temperature is able to fall considerably at that height. 


E/VD OF ATMOSPHERE 
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(it) Ozone is more abundent at the poles over the I ropopausc 
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and as it is a good absorber of solar radiation, it is quickly heated 
up by absorbing ultra-violet light. 

2. The Stratosphere. It extends above the Tropopause to a 
height of about 50 miles and occupies 2% of the total volume and 
20% of the total weight of the atmosphere. In this region ozone 
also makes its appearance. Ozone is produced by the dissociation of 
Oxygen molecules by the ultraviolet radiation from the sun. That is 
why it is so rare at ground-level but increases in amount with altitude 
and about 60% of it is concentrated in a region at 20 — 30 miles. Its 
layer is thicker and lower at the poles than at the equator. Being a 
powerful absorber of solar radiation ozone heats the stratosphere to 
temperatures much higher than those prevailing in the Troposphere. 

Lindemann and Dobson have shown that temperature stays 
constant in the lower stratosphere upto 20 miles. It then continues 
to rise for about 10 miles. This is probably due to the presence of 
ozone which is a powerful absorber of ultra-violet radiation. 
Above this height the temperature begins to fall and drops down 
below 0 C C at the top of the stratosphere i.e., at 50 miles. 

3. The Ionosphere. It starts above the stratosphere and 
extends to over 2,000 miles. It occupies 97% of the total volume 
but only 0-5% of the total weight of the atmosphere. The gas pres- 
sure at 62 miles is 10 -8 and at 200 miles it is one-ten billionth of that 
at the surface of the earth. At 100 miles the mean free path 
between molecules is a few centimeters but at 300 miles it is 125 
miles and increases upto 9000 miles or more. The Ionosphere is t^e 
earth’s frontier with outer space and consists of ionized .gas- 
particles. Over this region fall powerful radiations from the sun, the 
stars and from interstellar space which produce intense ionization of 
the gas-molecules. As a result of this ionization, the temperature in 
the lower Ionosphere rises to over 1500°C in the 300 — 500 mile zone. 
Jeans and Spitzer have calculated that the temperature in the upper 
Ionosphere range from 10,000°C to 15,000°C. 

The Stratosphere and the Ionosphere together constitute the 
upper atmosphere and only the first 500 miles of this are relatively 
well-known. Information about this is obtained from a study of 
meters, comets, Aurora, Solar spectrum, radio-waves and sounds 
from powerful explosions. Thus by a study of the reflection of radio- 
waves, the existence of layers of ionized particles has been established. 

Very long waves are occasionally reflected at the D-layer, about 
60 miles up ; medium waves are reflected at the E-layer beginning at 
about 100 miles while short waves are reflected at the F-layer about 
200 miles up. The reflected waves give important information about 
the layer which reflects them. The region above 500 miles is yet a 
sealed book ; it cannot be explored because it affords as yet no 
dues to the investigator. 

There are two possibilities with regard to the uppermost part of 
the atmosphere : — 

(») Either it passes continuously into a general distribution of 
matter in thermal equilibrium, filling the surrounding space, or ") 
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(it) It is not in equilibium and is continually streaming off 
into space. 

One fact will be realized that space is very thinly populated. 
Gamow has calculated that on the average there is only one atom per 
cubic metre of space. The total number of atoms in the Universe is 
3x10™. 


15-3. Decrease of Pressure with Height. 1 he atmospheric 
pressure at any level in the atmosphere represents very accurately the 
total weight of an air column above a unit area situated at the level 
of the observation plane. If the density of the atmospheric air were 
the same at all levels, the pressure at sea-level would correspond to 
a height of about 5 miles only. The density however, decreases 
rapidly with increasing height. At a height of 7 5 miles the air is only 
about one-quarter as dense and at 1 1 miles about one-eighth as dense 
as at sea level, but even at 80 miles the air is sufficiently dense to resist 
the movement of meteors and raise them to incandescence. At greater 
altitudes the pressure is also smaller, because there is a loser mass of 
air above the observer. To find the rate of decrease of pressure, 
consider a vertical air-column of unit cross-section. 


At a level y, the pressure is p and at a level {y -f- dy) it is (p— 
because as height increases the pressure dimini- 
shes. The pressure difference between the two 
levels, is equal to the weight of an air-column of 
unit cross-section and dy in height. If dy is small. * ^ 
the density p of the air and g, the acceleration 
due to gravity, may both be considered practi- 
cally constant between the two levels. 

/. dp = — (l xdy) x pxg 

= -gpdy O') 

Also if air be dry, pV =R1 

or p. — =RT, M 

P 

where M is the molecular weight of the air 



Fig. lf>.9. 

Variation of l’rt ssuro 
with height. 




Substituting («)"in (t) T 


^ PM . 

dp^-g- Rf d y- 

% . it 

d P_ IsM-dv 

p RT y 

Neglecting the variation of g with altitude and integrating {in) 


or 


(»0 


r dp gM [ dy 

J P — R J -f 
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gM 

[dy 

or 

± - e 

R J 

f T 

Po ■ 

gM 

f dy 


or 

p=p 0 e 

R J 

T 



where p 0 is the pressure at the earth’s surface. 

Again, if T is also independent of height, (tv) becomes. 

, , RT y 

P=Po 

This is a very important relation. It is due to Halley. 



The assumption of a constant temperature in the vertical direc- 
tion is a good approximation to the average temperature distribution 
in the upper atmosphere — the Stratosphere. In the lower part of the 
atmosphere called Troposphere, the distribution of temperature is 
better represented by a linear function 


T=T 0 —a.y (i )t\ 

a is called the Lapse Rate of temperature. Lapse rate is positive if 
temperature decreases as height increases ; it is zero if temperature 
does not change with altitude ; but it becomes negative if temperature 
increases with height. 


If the temperature is a linear function of height, (tip) becomes 

-gM f dy 

R J To- 


p=p 0 e 


—Po e 


gM , 

rT 1 °* 


o -«y 

T 



(vii) [cf. a*=e* l °o *] 


To correct formula (vii) for the moisture-content of the atmosphere 
we proceed as follows : — 


In our present discussion we are concerned only with the density 
of air. Since the addition of moisture lowers the density of air, we 
can substitute for the moist air, dry' air at a somewhat higher tem- 
perature T', called Virtual Temperature, in our discussion. The virtual 
temperature 
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P 

P 


where p is the partial pressure of the water vapour and P the total 
atmospheric pressure. 
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15.4. Convective Equilibrium in Atmosphere. As warm air 
rises up into regions of low pressure, it expands adiabatically and cools 
down. As long as the surrounding region is cooler and therefore 
denser than this rising current of warm air, the latter continues 
to rise up and up and the atmosphere is said to be unstable. If the 
adiabatic expansion cools it to a temperature lower than that of the 
surrounding air, it ceases to rise up any further and in fact, begins to 
sink down. The atmosphere is now said to be stable. 


For adiabatic expansion of dry air 

£ = constant 


or 


T Y p* Y =constant 


or 


or 


Differentiating, 

y.T Y ~ l dT p l ~ y -\-T Y (1 -y)P ~ V dp=0 
dT y — 1 . P~ Y T Y 

dp' y T y - 1 p l - y 
y — 1 T 

■ • ■ • • • • • • 

y P 

The temperature lapse rate 

dT _dT_ dp_ 

dy ~~ dp dy 

dTj/H 1 . l*- p - 

dy~~y P dy 

dp 

But from (») Art. 16.3 ^ — —gp 


(0 



/. (») becomes 




an important relation. 

The above calculation though strictly true for dry air holds 
fairly accurately for moist air also, if its temperature is low because 
the absolute amount of water-vapour in air is very little at low tern- 

peratures. 
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If the lapse rate dTJdy for a risipg air-current is greater than the 
lapse rate for the surrounding atmosphere, upward convection stops 
and atmosphere is stable. If dT/dy is. lower, upward movement of 
air-currents continues and atmosphere, is unstable. This instability 
produces thunderstorms and heavy rainfall. Intense local heating of 
the earth s surface is an important cause producing instability of the 
atmosphere. • 

15.5. Formation of Clouds. Water vapour in the atmosphere 
results from evaporation from water-surfaces and the amount of water 
vapour actually present at any place is highly variable and depends 
upon many factors. On account of the adiabatic expansion due to 
the upward movement of the water-vapour, the temperature progres- 
sively falls with a fall in temperature, the water vapour moves more and 
more towards saturation and then leads to the precipitation of moisture 
on the tiny crystals of water-soluble salts which float about in the at- 
mosphere and which act as nuclei in the initial stages of the formation 
of water drops. Cloud formation is thus solely due to the vertical con- 
vection currents in the air, condensation occurring when the dew- 
point has been reached. This vertical convection may be brought 
about cither by disturbances in the upper layers or by a large-scale 
surface heating or by the mixing of air-masses at different tempera- 
tures etc. The form of the cloud that ultimately forms, depends on 
the way in which the vertical convection has been brought about. 
Nearly all the clouds form in the troposphere. 

15 6. Bergeron’s Theory. Even when the cloud ascends above 
the level where its temperature is 0°C, condensation to liquid drops 
continues, i.e., supersaturation occurs and may persist upto levels at as 
low a temperature as — 35°C. How ice formation starts is not yet 
understood. A few ice-crystals are perhaps present in the cloud below 
the level where the temperature is — 32°C. Above that level their 
number rapidly increases. 

When super-cooled water-droplets and tiny ice crystals exist to- 
gether in the cloud, the saturation vapour pressure over ice is less 
than that over the super-cooled water at the same temperature, lhe 
resultant vapour pressure adjusts itself to a value in between that of 
the two saturation pressures. The result is that the environment 
becomes unsaturated for water but supersaturated for ice, so that 
water continually evaporates from the drops while the ice crystals 
rapidly grow in size and then fall through the cloud. By. the time 
they reach the bottom of the cloud they get melted due to fricfion and 
form rain-drops. 

This process of rain formation was first proposed by Bergeron 
and is accepted generally as one of the most important ways in which 
rain may form. rr ’ 

15*7. Artificial rain- We have seen that the formation of rain 
in a cloud requires the presence of water-droplets and ice crystals. It 
is thus clear that •clouds whicn are below the freezing level of the at- 
mosphere will not be able to produce rain. But these could be coaxed 
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to produce rain by seeding them artificially with ice crystals. 
Langmuir tested the theory by seeding the clouds with granulated dry 
ice (solid CO.,), at a temperature of 80° below zero. ' This is intended 
to induce snow-flake formation among the cloud-droplets to fall either 
as snow or rain, according to the temperature of the lower air. 

Another method involves the use of silver iodide 'smoke' which 
consists of minute crystals of an atojnic structure similar to crystalline 
ice. Obtained by burning charcoal treated with silver iodide, this 
expensive smoke is induced into suitable clouds either from aeroplanes 
or from especially sited furnaces on the ground from which it is 
claiiped to rise high enough to produce a downpour. Both these 
methods have met with qualified success but definite proof that sub- 
sequent rain was due to their employment is impossible to obtain. 

Many scientists are of the view that some other conditions should 
also be fulfilled before a cloud can be induced to produce rain. The 
conditions are : 

(1) The cloud must be some 4000 feet thick and dense enough 
to contain a large number of droplets. 

(2) Wind conditions must be favourable to maintain the right 
amount of turbulence in the cloud. 

(3) Vertical velocities within the cloud must be appreciable. 

In other words, only, those clouds would produce ruin after seeding 
which would shed rain even otherwise. No man can make a cloud and 
no man can push or pull a cloud to the place where he wants the rain 
to fall. Bowen has observed that “it would be quite impossible to do 
anything for desert areas by this method ; the right type of clouds 
don’t exist there in sufficient quantity. If man wants to bring rain to 
such an area he must learn to bring clouds and therefore to control 
the circulation of the atmosphere. This at present is an impos- 
sible task. Wendt has observed that if man wants to bring rain to 
dry areas, it must come from the land or from the sea but not from 
the sky. 

A good deal of time and money is being spent on the scientific 
problems involved. It is possible that we shall be able to persuade 
the lower clouds to release their moisture but we shall still not be 
able to move them about at will or stop their rain when enough has 
fallen. 

Schaefer has observed that seeding may prove more useful in 
breaking up a storm-cloud than in precipitating it. 1 he latter will 
enable the air pilots to obtain better visibility during a dense fog. for 
example. 


1. Establish a relation 
with height above sea level. 

2. Write u brief note 


QUESTIONS 

connecting the pressure of the atmosphere 
on the variation of temperature with 


altitude. 
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3. What do you understand by the Convective Equilibrium of the 

atmosphere. 

Establish the relation 

v — 1 Me 

dT ldy — r_ • - k k - 

4. Write an essay on the atmosphere describing clearly the three 
belts into which the atmosphere has been divided. 

5 Write notes on : (i) Troposphere (ii) Stratosphere (m) Iono- 


sphere. , 

6. Why are lower temperatures prevalent in the tropopause over the 

equator than over the poles. t 

7. Describe briefly how clouds are formed. Given the Bergeron s 
theory on the formation of clouds. 

8i Write a note on Artificial rain-making. 
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